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Abstract

Electroreduction of carbon dioxide (CO,RR) into CO is one of the simplest ways to valorize CO,
as a source of carbon. Here we report an original, cheap and robust, Cu-based hybrid catalytic
material, consisting of a polymer of Cu phtalocyanine coated on carbon nanotubes (CNTSs), which
proved selective for CO production (Faradic yield 80%) at relatively low overpotentials.
Polymerisation of Cu phtalocyanine here is shown to have a drastic effect on the selectivity of the
reaction since molecular Cu phtalocyanine is instead selective for proton reduction under the
same conditions. Finally, while the material only displays isolated Cu sites, within a
phtalocyanine-like CuN,4 coordination, in situ and operando X-ray absorption spectroscopy show
that the Cu atoms fully convert, under operating conditions, into Cu nanoparticles, which are

likely to be the catalytic species. Interestingly this restructuration of the metal sites is reversible.



Introduction

Electroreduction of carbon dioxide (CO,RR) into carbon monoxide is one of the simplest ways to
valorize CO, as a source of carbon, since CO is an energy-rich and reactive substrate for a
number of reactions in the chemical industry[l]. This reaction is endergonic and involves the
transfer of two electrons and two protons and thus requires catalysts to overcome the associated
kinetic barrier. These kinetic and thermodynamic challenges often also translate into a selectivity
challenge since the kinetically and thermodynamically easier proton reduction to hydrogen can
also occur, competing with CO, reduction. Efficient and selective catalysts are hence needed to

envision a large scale electrocatalytic conversion of CO; into CO.

Among molecular catalysts proposed for CO, reduction to CO, metal porphyrins and metal
phtalocyanines have been extensively studied during the last 20 years due to their high CO,RR
selectivity, even though they still suffer from low current densities, large overpotentials and low

stability™?

. Heterogenization is an appealing strategy to improve their performances while
preserving their high selectivity and generating solid electrodes ready to be implemented in
practical technological devices (electrolyzers). A widely used method consists in anchoring metal
porphyrins and metal phtalocyanines on carbon nanotubes (CNTS), via covalent grafting or non
covalent interactions™. Alternatively the metal complexes can be used as building blocks of the
material itself, for example in the form of covalent organic frameworks!®. Very recently, such an
approach was combined with high-surface area conductive supports, for example through the in
situ polymerisation of metal phtalocyanines on conductive carbon scaffolds such as carbon
nanotubes™. The resulting hybrid material, in which a thin polymer coating layer is deposited at
the surface of the CNTSs, displays a number of potential advantages: (i) its synthesis is carried out
at relatively mild conditions; (ii) within a polymer form, a much higher robustness of the catalyst
can be achieved; (iii) electron transfer from the highly conductive support and the polymer layer
is facilitated; (iv) a quite large density of active metal sites can be obtained. So far this strategy
has been underexplored in the context of the search for novel molecular-based heterogeneous
catalysts for CO; reduction. To our knowledge, the only example of such a polymer catalyst is
the recently reported cobalt polyphtalocyanine-CNT hybrid electrocatalyst, which allows
electroreduction of CO, into CO with large faradic efficiency (>90%) and turnover frequency

combined with excellent stability™. Considering recent reports showing the potential of Cu-



porphyrins and crystalline Cu-phtalocyanine as catalysts for the electroreduction of CO, into a
variety of products®® 2! we were intrigued by the possibility to elaborate a copper
polyphtalocyanine material and evaluate its catalytic properties.

Here we thus describe a novel material, a copper polyphtalocyanine-CNT (CNT = Carbon
NanoTubes) hybrid material, which has been structurally characterized. It displays an excellent
catalytic activity for CO, electroreduction to CO with a high FY of almost 80% at relatively low
overpotentials. Such a high selectivity for CO is unique for a Cu-based material. Furthermore,
this is a very interesting case of a drastic positive effect of polymerization, since monomolecular
Cu phtalocyanine, deposited on CNTs, was shown to be a relatively poor catalyst for CO,
electroreduction, generating H, as the only product at such potentials under the same conditions.
Finally, utilizing operando X-ray absorption spectroscopy (XAS) we find that the Cu atoms
convert into Cu nanoparticles under operating conditions, suggesting the latter to be the actual
catalytically active species. Interestingly this restructuration of the metal sites is fully reversible
since, upon reoxidation, the Cu nanoparticles disappear and the isolated Cu-phtalocyanine-like
sites are reconstituted. This finding raises the general question of the nature of the catalytically
active species in the case of this class of metal polyphtalocyanine catalysts, an issue not

previously addressed.

RESULTS AND DISCUSSION

Synthesis and characterization of the CuPolyPc@CNT

CuPolyPc@CNT was prepared by heating 1,2,4,5-tetracyanobenzene (TCNB) together with
cuprous chloride ( CuCl,) under Ar atmosphere on pre-oxidized multi-walled carbon nanotubes
(CNT) templates dispersed in ethylene glycol during 2.5 hours (see Experimental Procedures for
details) following comparable synthetic routes used for Fe!® | Cul™ and Co™ polyphthalocyanine
(scheme 1). The product was washed then with H,SO,4 (8 M) aqueous solution, acetone, ethanol
and dried under vacuum for 12h. The relative amounts of the starting precursors were chosen to
achieve Cu to CNT weight ratio of about 1.5% in the final product. Inductively Coupled Plasma —
Atomic Emission Spectroscopy (ICP-AES) analysis showed that the actual Cu to CNT weight
ratio was about 1.2%.



Scheme 1: Synthesis of CuPolyPc@CNT

The material was analyzed by various electron microscopy techniques. Scanning electron
microscopy (SEM) (Figure S1) and Transmission electron microscopy (TEM) (Figure S2) images
showed that the carbon nanotubes were coated with polymer and that the hybrid material retained
the one-dimensional fiber-like morphology. Atomic-resolution high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images of CuPolyPc@CNT (Figure
1) showed the presence of multiple bright dots which likely correspond to the presence of isolated

Cu atoms.

Figure 1: HAADF-STEM images of CuPolyPc@CNT

X-ray photoelectron spectroscopy (XPS) analysis of CuPolyPC@CNT was carried out after
deposition on a Gas Diffusion layer (GDL) (see below). It showed Cu 2p3, peaks at 932.5 and
935.0 eV indicating that Cu is predominantly in the Cu®* oxidation state (Figure S3). The analysis
of the N 1s region revealed the presence of pyridinic (398.6 eV), pyrrolic (401.0 eV), and N-Cu



signals (399.7 eV), analogous to what is typically observed with metal polyphthalocyanine hybrid

materials®.

Finally, the electrochemical active surface area (ECSA) of the electrode consisting of
CuPolyPc@CNT deposited on a GDL was shown to be 1.73 cm? per 1 cm? geometric surface
area, based on standard methods (Figure S4).

Electrocatalytic CO,RR activity of CuPolyPc@CNT

For the electrochemical characterization of the catalytic properties of CuPolyPc@CNT,
electrodes were prepared in three steps. An ink was first obtained by dispersing 2 mg of
CuPolyPc@CNT in a Nafion® suspension in isopropanol, and then deposited on GDL followed

by a final drying step as described in the Experimental section.
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Figure 2. (a) Total current density during electrolysis at various applied potentials and (b)
Faradaic yields for CO and H; after 20 min electrolysis; (c) Partial current densities of CO
production over H; production after 20 min electrolysis; (d) Tafel plot for CO production was
determined between - 0.5 and -1.2 V, with the regression coefficient R? = 0.931. All CPE
experiments were run in a 0.1 M CsHCOj3 aqueous solution under 10 mL/min flow of CO,,

Electrocatalytic CO; reduction was first investigated by linear sweep voltammetry (LSV) in
COy—saturated 0.1 M CsHCO3 in the 0.0 to —1.2 V vs. RHE potential range of (Figure S5). Cs"
cations in the electrolyte were chosen based on their known ability to impede the H, evolution
reaction and favour CO, reduction vs proton reduction.’®! The LSV shows a catalytic wave with
an onset potential at about —0.45V vs. RHE, namely with an overpotential of 340 mV,
considering that the main product of the reaction is CO (see below).

To get insight into the selectivity of the catalyst, controlled-potential electrolysis (CPE) has been
conducted at potential values between —0.5 to —1.2 V (all potentials are indicated vs. RHE) in a
0.1 M CsHCO3 aqueous solution under a constant flow of gaseous CO, (10 mL/min) within the
electrolyte. During the 20 minutes of electrolysis at all potentials the current remained constant
(Figure 2a), after which the liquid and gaseous reaction products were analyzed, as described in
the experimental section. In all cases, only CO and H; could be observed in the gas phase and no
evidence for the presence of other gaseous products such as methane and hydrocarbon could be
obtained. In addition, no liquid product, formic acid and alcohols, could be detected by *H
nuclear magnetic resonance spectroscopy analysis of the solution.

The selectivity of the reaction was potential-dependent. The highest faradic yield (FY) for CO
(80 %) was obtained at —0.7 VV vs. RHE with a stable average current density of > 7 mA/cm?
(Figure 2a and Figure 2b). The selectivity for CO formation relative to hydrogen evolution could
be better visualized by plotting the ratio of the partial current density (jco) for CO production
over the partial current density (ju2) for H, production (Figure 2c). Absolute values of jco and ju.
are reported in Figure S6. Figure 2c clearly shows that at more cathodic applied potentials than —
0.7 V vs. RHE, the jco/ ju2 ratio greatly decreases, from the highest value of about 5, resulting in
lower FY for CO (Figure 2b).

A Tafel plot derived from partial current densities for CO production as a function of over-
potentials (Figure 2d) showed that CuPolyPc@CNT exhibits the lowest Tafel slope value (~287



mV/dec) between —0.4 and —0.8 V applied potential. This suggests that the rate-determining step
is likely to be the initial electron transfer to CO, to form a CO; intermediate.

The combination of CuPolyPc with CNT proved essential, as shown by the following control
experiments. Indeed when molecular Cu phthalocyanine, in place of CuPolyPc, was deposited on
CNT, with a similar amount of loaded Cu, the resulting catalyst was much less efficient, with
lower current density at —0.7 V and — 0.8 V vs. RHE (Figure S7). Furthermore, it did not show
any CO,RR activity, the only observed product being H, with no detectable trace of CO. Finally,
when carbon nanofibers (CNF) were used, in place of CNTSs, as the conductive carbon support for
CuPolyPc, a much less efficient catalyst was obtained, displaying lower current density and much
lower FY for CO production (Figure S8). Unfortunately we were unable to correctly achieve the
polymerization directly on a carbon paper (GDL), so that the control CuPolyPc/GDL material
(thus in the absence of CNT) could not be studied. The greater activity and selectivity of
CuPolyPc@CNT might originate from a combination of factors: higher surface area and higher
electrical conductivity of CNTs as well as a more favorable interface between the transient active
Cu nanoparticles, the polymeric ligand and the CNT support.

In addition, CuPolyPc@CNT was shown to be a very stable catalyst. As shown in Figure 3, it can
operate during 50 hours electrolysis at 0.7 VV vs. RHE, with no decay of the FY for CO
production (average value of 80%) and an average current density value of 7.5 mA/cm?. The
catholyte solution was shown, by ICP-MS analysis, to contain after electrolysis less than 0.01%

of the total Cu load, thus excluding dissolution of the material during operation.
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Figure 3. Current density and Faradaic yield for CO production as a function of time during
CPE. Electrolysis was run at a constant potential of —0.7 V vs. RHE, using the CuPolyPc@CNT
electrode in a 0.1 M CsHCOj3 aqueous solution under a flow of CO, (10 mL/min).

Post-electrolysis and operando characterization of the material

SEM analysis of the electrode after electrolysis showed that the CNTs were still present on its
surface (Figure S1c). Ex-situ characterization of CuPolyPc@CNT immediately after electrolysis
by cyclic voltammetry (Figure S9) revealed a new anodic signal (peak 1) at 0.08 V vs. Ag/AgCl
and a new cathodic peak (peak 2) at around —0.06 V vs. Ag/AgCl, consistent with the presence of
metallic Cu nanoparticles deposited on the surface of the material. This was consistent with XPS
data, demonstrating the absence of Cu®* species in the Cu 2ps, region (Figure $10) and with the

XANES data showing that Cu was mainly in the Cu® state (see below).
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Figure 4. Operando XAS characterization of CuPolyPc@CNT at the Cu-K edge. (a) K-edge

XANES spectra of CuPolyPc@CNT under no potential applied (blue line) , during electrolysis at
—0.6 V vs. RHE ( light blue line) , at —-0.8 VV vs. RHE ( green line) , at -1.0 V vs. RHE ( orange
line), at —1.2 V vs. RHE ( red line) and metallic copper (black line), after electrolysis under no
potential applied ( light green line) and at 1.0 V vs. RHE (pink line); (b) Fourier transform of the
experimental EXAFS spectra of CuPolyPc@CNT under no potential applied (blue line) , during
electrolysis at vs. ( light blue line) , at —-0.8 V' vs. RHE (' green line) , at —1.0 V vs. RHE ( orange
line), at —1.2 V vs. RHE ( red line) and metallic copper (black line), after electrolysis under no
potential applied ( light green line) and at 1.0 V vs. RHE (pink line). All CPE experiments were
runina 0.1 M CsHCO3 aqueous solution for 20 minutes.

Recent studies of molecular Cu-phthalocyanine and its analysis during CO, electrolysis by
operando spectroscopic techniques revealed the transient formation of very small metallic Cu
nanoparticles, likely active as catalysts. This restructuration of the metal sites was also shown to
be reversible?!. In order to investigate whether CuPolyPc@CNT enjoys the same restructuration
of Cu sites, we resorted to operando XAS techniques under electrolysis in the presence of CO,.
As shown in Figure 4a, the X-ray absorption near edge structure (XANES) spectra at the copper
K-edge of the material under electrocatalytic conditions revealed a shift in the edge position from
8983.93eV to 8979.2 eV for applied potentials more cathodic than —0.6 V vs. RHE, indicative of
a change of the Cu oxidation state from +1I to O (the metallic copper K-edge energy position is
indeed 8979 eV, see Figure 4a). Just after electrolysis, all Cu atoms were in the Cu(0) state. The
Extended X-ray Absorption Fine Structure (EXAFS) spectra of CuPolyPc@CNT were also very
informative (Figure 4b and Figure S11). While only Cu-N features, typical for single site CuNy

coordination present in Cu phtalocyanine, could be observed at about 1.5 A before electrolysis,



thus excluding the presence of Cu nanoparticles, the characteristic peaks associated with a Cu-Cu
backscattering appeared at about ~2.2 A and between 3 and 5 A, under operating conditions at
potentials more negative than —0.6 V vs. RHE. These peaks provided a clear evidence for the
formation of metallic copper nanoparticles (CuNP) under electrocatalytic conditions. While a
mixture of CuN, sites and CuNP was present at potentials down to -0.8 VV, Cu was almost
exclusively in the form of CuNP at potentials more negative than —1.0 V. After electrolysis at —
1.2 V vs. RHE, indeed, and in agreement with the XANES data, no CuN, site could be observed.
As a further confirmation, we performed an EXAFS fit of CuPolyPc@CNT at -1.2V: the EXAFS
calculations confirmed the well-known metal Cu face-centered cubic crystal structure, with lower
coordination numbers due to the nanoparticle nature of the active phase (Figure S12 and Table
S1).

Interestingly, this restructuration of the Cu species during electrolysis is reversible. Indeed,
application of a positive potential (1.0 V vs. RHE) led to a complete disappearance of the Cu-Cu
signal and the full restoration of the CuN,4 peak in the FT-EXAFS spectrum as well as the return
of the threshold energy of the XANES spectrum to that characteristic of Cu®* (Figure 4b). It is
interesting to point out that the typical pre-edge feature at 8986 eV clearly visible in the pre-
electrolysis XANES spectrum of CuPolyPc@CNT, is damped in the post-electrolysis XANES
spectrum. This peak has been assigned to a shake-down 1s — 4pz transition characteristic for a
square-planar configuration with high D4h symmetry™®, so its reduction is an indication of a

molecular distortion involving the plane containing the CuN4 sites.

Conclusion

We have reported here an original Cu-based catalytic hybrid material, consisting of a polymer of
Cu phtalocyanine coated on carbon nanotubes (CNTs), for CO, electroreduction to CO. The
synthesis, via in situ polymerization on CNTs using cheap organic precursors and Cu salt, is
straightforward and the material only displays isolated Cu sites, within a phtalocyanine-like CuN4
coordination, as shown by spectroscopy and electron microscopy methods. As a catalyst, this
hybrid material proved selective for CO production (Faradic yield 80%) at relatively low
overpotentials, greatly surpassing molecular Cu phtalocyanine under similar conditions, and
demonstrated high robustness, as stable current and selectivity were achieved during 50 hours

electrolysis.



There is only one precedent of this class of hybrid catalyst for CO, electroreduction, namely a
previously reported CoPolyPc@CNT material displaying comparable performances[S]. It should
be noted that the positive effect of the polymerization on activity and selectivity is much greater
in the case of Cu-phtalocyanine than in the case of Co-phtalocyanine. When compared to other
previously reported Cu-based materials with CuN, sites or with Cu particles on N-doped
graphene, the CuPolyPc@CNT hybrid material was by far the most selective for CO production
(Table S1). Remarkably, this is achieved with the highest current densities and the lowest
potentials of the series shown in Table S2. Further studies are required to understand this unique
selectivity. However this is particularly difficult since in this particular case the material is a

precursor of the catalytic species and furthermore the latter form transiently during electrolysis.

Furthermore, we demonstrate for the first time with this class of catalyst that an extensive
restructuration of the metal sites occur under operation at cathodic potentials since the Cu atoms
are converted into Cu nanoparticles, which are likely to be the catalytic species. On the other
hand, the particles derived from the CuPolyPc@CNT hybrid material are clearly different from
those derived from molecular CuPc, since the former promote CO formation while the latter
promote CH, formationt@!. While intriguing, this is likely due to differences in the nature of both

the Cu precursor and the support used in the two systems.

Our observations raise the question whether such a restructuration is a general feature of this
class of hybrid catalysts. Furthermore, the material has the remarkable property to return to its
initial state, with only isolated CuN, sites, after reoxidation, likely due to the strong Cu(ll)-
chelating capacity of the N4 sites of the material. This tells that post-characterization of this kind
of materials is not sufficient to assign the catalytic activity to the isolated metal sites and that
operando spectroscopic characterization is absolutely requested before a conclusion on the nature

of the actual active sites can be reached.
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Materials and Methods

Synthesis of the CuPolyPc@CNT and CuPolyPc@CNF

CuPolyPc@CNT was prepared by 2.5 hours heating 8.9 mg of 1,2,4,5-tetracyanobenzene
(TCNB) together with 3.4 mg of cuprous chloride (CuCl,), thus in 2:1 molar ratio, under Ar
atmosphere on 20 mg multi-walled CNT templates, previously treated with acid and dispersed in
ethylene glycol. The resulting product was washed then with H,SO, (8 M) aqueous solution,

acetone, ethanol and dried under vacuum for 12h.

Multi-walled carbon nanotubes (CNTSs) and carbon nanofibers (iron-free) (CNFs) were acquired
from Sigma-Aldrich. CNTs and CNFs were used after acid treatment. The raw carbon materials
were dispersed in H,SO,4 (8 M) and sonicated for 4 h and then washed repeatedly with deionized
water until the pH value got close to 7. They were finally dried in a vacuum oven at 85 °C

overnight.[”
The same protocol was used for the preparation of CuPolyPc@CNF.
Preparation of Cu Phthalocyanine on CNT

For control experiments 15.1 mg copper (I1) phthalocyanine (CuPc) (Sigma-Aldrich) was mixed
with 20 mg of multi-walled CNT and dispersed in 5 ml of THF. The suspension was sonicated
for 5 hours. Then the solvent was evaporated.

Electrode Preparation

2 mg of the catalyst was sonicated for 2 h in 400 pl of isopropyl alcohol and 5 pl of a Nafion®
perfluorinated resin solution (5 wt.% in mixture of lower aliphatic alcohols and water, containing
5% water). Then, the suspension was deposited by drop-casting (one drop every 30 seconds) on a
GDL (AVCarb GDS 3250) (1 cm?) and dried in air at 100 °C for 30 minutes.

For the control experiments, the working electrodes were prepared by similar way.

Electrode characterization

TEM images were obtained on a JEM-2010F transmission electron microscope (JEOL) with an
accelerating voltage of 200 kV. High angle annular dark field scanning transmission electron
microscopy imaging experiments were performed in a NION UltraSTEM 200 operated at 60
keV.



X-ray photoelectron spectra (XPS) were collected using a Thermo Electron Escalab 250
spectrometer with a monochromated Al Ka radiation (1486.6 eV). The analyzer pass energy was
100 eV for survey spectra and 20 eV for high-resolution spectra. The analyzed area was 500
mm2. The photoelectron take-off angle (angle between the surface and the direction in which the
photoelectrons are analyzed) was 90°. Curve fitting of the spectra was performed with the
Thermo Electron software, Avantage. Cu Auger peak deconvolution was carried out using
spectra of Cu phthalocyanine, Cu,O and Cu standards measured on the same instrument as a
reference for Cu?*, Cu* and Cu® species, respectively. Shirley background correction was applied
to all peaks before deconvolution.

Copper content within catalytic material was quantified with inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) in a Thermo Scientific iCAP 6300 duo device after digestion
of the graphitic structures in a 3:1 H,SO4 (96% wt pure)— HNO3 (56% wt pure) acid mixture,
followed by filtration.

Electrochemical characterization

All electrochemical measurements were performed in a three-electrode two-compartment cell
using a Bio-logic SP300 potentiostat, with a reference electrode, namely Ag/AgCl/3M KCI
(hereafter abbreviated as Ag/AgCl), placed in the same compartment as the working electrode. A
platinum counter electrode was placed in a separate compartment. The two compartments were
separated by a membrane (Fumasep FBM- Bipolar Membrane). The electrolyte was CO,-
saturated 0.1 M CsHCOg. The electrochemical cell was first purged with CO; at a flow rate of 25
mL/min during one hour prior to catalytic tests, and then, during electrolysis, continuously
purged with CO, at a fixed flow rate using a mass flow controller (Bronkhorst EL-FLOW model
F-201CV). All electrochemical data was referenced to RHE using the following equation: E(V vs.
RHE) = E(V vs. Ag/AgCL.) + E(V of Ag/AgCI. vs. NHE) + 0.059%pH, with E(V of Ag/AgCI. vs.
NHE) = 0.205 V and a pH value of 6.8 for the electrolyte. The effluent gas products from the
electrochemical cell were identified and quantified using a gas chromatograph (SRI 8610C)
equipped with a packed Molecular Sieve 5 A column for permanent gases separation and a
packed Haysep-D column for light hydrocarbons separation. Argon (Linde 5.0) was used as
carrier gas. A flame ionization detector (FID) coupled to a methanizer was used to quantify CO,

methane and hydrocarbons while a thermal conductivity detector (TCD) was used to quantify Ho.



Liquid phase products were quantified by *H NMR (Bruker AVANCE 111 300 MHz spectrometer
using a Pre-SAT180 water suppression method!™). Samples were prepared by mixing a 300 pl
aliquot of electrolyte solution with 50 pl D,O used for NMR-locking and 10 pl of acetonitrile

used as internal standard (1 pmol).
Electrochemically active surface area measurements

Electrochemically active surface areas of the different electrodes were estimated by probing the
redox reaction of the ferricyanide/ferrocyanide couple using cyclic voltammetry (CV). 0.1 M KCI
solution containing 10 mM ferrocyanide was initially degassed with Ar. Then the potential of the
working electrode was swept between 600 mV and —200 mV vs. Ag/AgCI (1 M KCI) at different
scan rates (mV/s). Between each CV at different rates, the solution was bubbled with Ar and
shaken to quickly reach back to the initial conditions. Electrochemically active surface areas

(ECSA) were estimated from the Randles-Sevcik equation, as follows: I, = (2.69 X

105) n3/2 ADY2 v¥/2 C, with 1, : peak current, n : number of moles of electrons per mole of
electroactive species, A : area of electrode (cm?) , D : diffusion coefficient (cm?/s), v : scan rate
(VIs), C : concentration (mol/cm®). The diffusion coefficient of ferricyanide is 6.7 x 10°® cm? /s
and its concentration 10~° mol/cm®. The ECSA (A) is estimated from the slope of the plot of I,

VErsus v 1/2.

Operando XAS experiment

Operando XAS measurements were collected at room temperature at SAMBA beamline
(Synchrotron SOLEIL) equipped with a double crystal Si 220 monochromator. For the sample
preparation, 10 mg of the catalyst material was sonicated for 30 minutes in 50 pl of isopropyl
alcohol and 100 pl of a Nafion® perfluorinated resin solution (5 wt.% in mixture of lower
aliphatic alcohols and water, containing 5% water).Then, 50 pul of catalyst ink was drop-casted
(one drop per 30 second) on a 3 cm? circular area of a 100-pm-thick graphite foil (Goodfellow
cat. C 000200/2), resulting in a catalyst loading of ~1 mg cm > followed by a drying step in air at
100 °C for 30 minutes. The graphite foil was then used as a working electrode and was installed
in an electrochemical cell (PECC2, from Zahner), as in previous experiments'' > and as shown in
Figure S13. The counter electrode was a Pt wire and reference electrode was Ag/AgCl/3 M KCIl.
The cell was filled with aqueous 0.1M CsHCOs. During the electrolysis the cell was continuously



bubbled with CO,. Operando measurements were performed by recording the K, X-ray

fluorescence of Cu with a Canberra 35-elements monolithic planar Ge pixel array detector.
EXAFS data analysis

The EXAFS data analysis was carried out by using the GNXAS approach, which is based on the
decomposition of the experimental EXAFS y(k) signal into a summation over n-body distribution
functions y(n) calculated by means of the multiple-scattering (MS) theory.!'” The spectra of
copper foil and CuPolyPc@CNT at -1.2V have been modelled with y-like distribution functions
which depend on four parameters: the coordination number N, the average distance R, the mean-
square variation 62, and the skewness f. Least-square fits of the EXAFS raw experimental data

have been performed by minimizing a residual function of the type:

N
Qoxp(g) — A E;: 24,9, o, 1) ]?
R, ({/1}) _ Z[ exp(E;) mod(o-.l2 1,42 p)]
i=1 t

where N is the number of experimental points, Ei, Ai (i=1...p) are the p parameters to be refined
and o2i is the variance associated with each experimental point aexp(Ei). Additional non-
structural parameters were minimized, namely EO (core ionization threshold energy) and S02

(amplitude reduction factor) taking into account intrinsic losses.

The interpretation of the CuPolyPc@CNT spectrum collected at -1.2V was achieved on the basis
of an in-depth analysis of bulk Cu, for which we used a known face-centered cubic crystal
structure, then employed for refining the CuPolyPc@CNT data. For copper foil the Cu-Cu bond
distances are, within the statistical errors, in perfect agreement with previous crystallographic

determinations'' then validating the reliability of the fitting procedure.
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