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S1. Electrochemical cell configurations
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Figure S1. Schematic concepts of (a) H-type cell, (b) two compartments cell, (c) Gas Diffusion

Electrode cell and (d) Membrane Electrode Assembly for electrochemical CO, reduction reactions.



S2. Standard reduction potentials for electrochemical CO; reduction

Table S1. COz reduction products and corresponding standard reduction potential (E0) vs

Normal Hydrogen Electrode (NHE) at pH = 0.

Cathodic half-cell reaction E°’, V vs. NHE at pH=0 *
4H* + 4e” > 2H, 0.000
CO, + 2H* + 2e~ - CO + H,0 -0.105
CO, + 2H* + 2e~ - HCOOH -0.169
CO, + 4H* + 4e~ - HCHO + H,0 -0.141
CO, + 6H* + 6e- — CH30H + H,0 0.017
CO, + 8H™ + 8¢~ — CH, + 2H,0 0.169
2CO,+ 10H" + 10 e 2 CH3CHO + 3H,O 0.050
2CO, + 12H" + 12 ¢ 2 C,HsOH + 3H,O 0.084
200, + 12H* + 12¢~ — C,H, + 4H,0 0.079
2C0, + 14H* + 14e- — C,H, + 4H,0 0.142
3C0, + 16H" + 16 ¢ 2 CHy(CO)CH; + SH;0 20.140
3C0, + 18H* + 18e~ — CzH,OH + 5H,0 0.099
CO, +e” - CO™ -1.486 *

SAll of the EC CO3R standard potentials (E°) here reported were calculated via Gibbs free
energy of reaction values taken from [1]. *The E° value for the of the formation of the CO,™~
radical is the only exception, which was calculated from the Nernst equation with E°(at pH=7)

=-1.90 V vs. NHE, as reported in [2,3].



83. Method of synthesis

The synthesis procedure was inspired in a previous work with some modifications.[4] A
solution of hydrated metal nitrates (i.e. Cu(NO3)2, Zn(NO3), and AI(NOs)3) was used as
precursor of the different catalysts.. The concentrations are specified in the manuscript in
section 3.2. The synthesis started by pumping with a peristaltic pump 40 ml of the nitrates’
solution into a beaker with 200 ml of ultra-pure distilled water (immersed in a hot silicone oil
bath to keep the temperature at 70 °C). The metal amounts used in the case of CuZA-06-03-01
catalyst were 1.5 g of Cu (24 mmol), 0.78 g of Zn (12 mmol), and 0.11 g of Al (4 mmol). For
the CuZ-06-03 and Cu-06 catalysts, the respective metal amount were kept constant. A solution
of Na,CO3 1M was used as precipitating agent. During the precipitation process, the pH and
temperature were controlled. A MC720 pH Controller was employed and allowed to set the
desired pH value (pH=7 in this case) and, using a peristaltic pump, automatically sending the
necessary amount of precipitating agent to the beaker to maintain the pH at the desired value.

The temperature was monitored with a thermocouple.



84. Physico-chemical characterization of the employed catalysts

In this work, the morphological characterisation of the materials and the relative elemental
composition of the samples was obtained by operating a Field Emission Scanning Electron
Microscopy (ZEISS MERLIN FE-SEM) technique, equipped with an Energy Dispersive X-ray
Spectroscopy System (EDS) operated at 3kV. The sample preparation consisted in the
dispersion of a small amount of catalyst particles in isopropanol through ultrasonic mixing for
30 min and then in placing a drop of the dispersion on an amorphous carbon-coated copper
grid. Finally, before the analysis, the sample was dried at room temperature. On the other hand,
the materials were characterized by means of N2 adsorption to obtain the main textural parameters
such as the specific surface area, total pore volume and the pore size distribution. The N2
adsorption/desorption isotherms at 77 K were measured in a volumetric equipment TriStar 11 3020
supplied by Micromeritics. Before starting the analysis, the samples were pre-treated at 200 °C, in
order to clean the surface of absorbed molecules that may be contaminants, moisture, impurities,

etc. The atomic ratio, BET surface area and total pore volume of the synthesised materials are

shown in Table S2.

Table S2. Main textural parameters of the synthesized CuZnAl-oxide based catalysts.

Catalyst EDS, atomic ratio BET surface area, m*g™! | Total pore volume, cm® g'!
Cu-06 Cu/O 1:1 18.4 0.11
CuZz-06-03 Cu/Zn 60:40 55.16 0.23
CuZA-06-03-01 Cu/Zn/Al 60:30:10 101.65 0.37

The crystallinity of the materials was investigated by using a Panalytical X’Pert PRO
diffractometer working in Bragg-Brentano configuration and equipped with Cu Ko radiation
(L =1.5418 A) set at 40 kV and 40 mA. The X-Ray Diffraction (XRD) technique allowed to
obtain information about the crystallite sizes and phase purity: the Scherrer formula D= kA/ S
cos 8 was employed for calculating the crystallite size, where D is the average crystallite size
(nm), A is the wavelength of X-ray radiation (0.15418 nm), £ is the shape factor (0.90) and J3 is
the full-width half maximum, which was corrected for instrumental broadening; the powder
catalysts were examined in the 20 range of 20-80° with a scanning step of 0.013°. After tests
electrodes were examined in the 20 range of 20-150° with a scanning step of 0.020°. The XRD

patterns of the employed powders can be seen in Figure S2.



Intensity (a.u)

(a)

Cuo(11-1)

cuo(111)

Cu0 (20-2)

cuo(11-2)
Cu0 (020)

Cu0 (110)

Cuo(202)

Cuo(11-3)

Cu-06

Cuo(31-1)
cuo(113)

(b)

Cuo (11-1)

Cuo(111)

Zn0 (100)

Cuo (20-2)

Zn0(110)
Cu0(202)

Cuo (11-3)

CuZz-06-03

Zn0(103)
Cuo(31-1)
Zn0(112)

(c)

Cuo(11-1)

Cuo(111)

Zn0 (100)

Cu0(20-2)

Zn0(110)

Cuo (11-3)

cuo(31-1)
0 (112)

20

30 40 50
20 (degrees)

60

70

Figure S2. XRD patterns of CuZnAl-oxide based catalysts (a) Cu-06, (b) CuZ-06-03, (c) CuZA-06-

03-01

Table S3. Crystallite sizes of the synthesized CuZnAl-oxide based catalysts.

Crystallite size, nm

Catalyst ; .
from (11-1) reflection of CuO from (100) reflection of ZnO
Cu-06 17 -
CuZ-06-03 7 7
CuZA-06-03-01 9 11

The presence of Cu, Zn and Al was further confirmed via inductively coupled plasma (ICP),

with an iCAP 7600 DUO (Thermo Fisher Scientific). The chemical attack was carried out in a

microwave oven. The treatment followed for the analysis was: 1) ~ 100 mg of the sample was

weighted; ii) it was solubilized in 10 ml of pure acid (6 mL HCI, 2 mL HNO; and 2 mL HF);

iii) thermal treatment at 200 °C for 15 min with a ramp of 10°C min™'; iv) cooling in about 30

min. The sample was then diluted to ~ 1 ppm with Milli-Q and filtered using a 0.45 um PTFE

filter before reading them with the instrument. The Cu/Zn/Al molar composition in the CuZA-

06-03-01 catalyst is 52/39/9. Instead, the molar composition in the CuZ-06-03 catalyst is Cu/Zn

= 56/44.




To investigate the chemical composition of their surface, XPS measurements were also
performed on the Cu-06, CuZ-06-03 and CuZA-06-03-01 synthesised powders samples. The
Cu2p doublet spectra in high resolution (not shown), display a common spectrum mainly
related to CuO (Cu?* satellite at 940-945 ¢V)[5]. The Cu?" state has already been observed in
bulk with XRD analysis. Since the deconvolution procedure of Cu2p spectra results complex
due to the overlapping of binding energies of the different Cu oxidation states, Auger
Cul3M4.5M4.5 region was also acquired with the aim of obtaining more details. The table in
Figure S3 shows the modified Auger parameters of the samples with an average value (1851.8
+ 0.3 eV) that is typical of Cu®* species, indicating that their surfaces are mainly composed of
CuO (the sensible depth for XPS is 5 — 10 nm). Moreover, the amount of the Cu oxidation
states and the ratio between Cu?* and Cu®+Cu'", were evaluated through the method developed
by M. Biesinger and co-workers[5], by fitting the Cu2p3/2 peak and its related satellite. The
results are reported in the Table in Figure S3, where it is possible to notice that the Cu-06
catalyst presents a higher percentage of Cu’+Cu'* (22%) than the CuZ-06-03 and CuZA-06-
03-01 catalysts on the surface.
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Figure S3. High resolution Ols (a) and Zn2p3/2 (b) XPS spectra of CuZ-06-03 and CuZA-06-03-01
catalysts and in the table the percentage of oxidation states of copper calculated from Auger parameter

values on the surface of the CuZnAl-oxide based catalysts.

In addition, the high-resolution XPS spectra for Ols and Zn2p3/2 binding energy regions for
the CuZ-06-03 and CuZA-06-03-01 catalysts are shown in Figure S3(a) and (b). The results
revealed that the O species are divided into the following (Figure S3(a)): oxygen into the lattice

structure (529.2 eV), oxygen vacancies (530.3 eV), and oxygen due to adsorbed molecules



(531.6 eV and 532.9 eV). These adsorbed molecules are related to weak basic sites on the
surface: OH and H*OH, respectively, which mainly appear in the CuZA-06-03-01 powder
material. Based on these results, it is possible to state that the conductivity of these metal oxides
materials could be related to the presence of oxygen vacancies. Moreover, Zn is present as ZnO
in both catalysts since the binding energy of the Zn2p3/2 peak is at around 1021.2 eV (see
Figure S3(b)), while the peak at 1022.5 eV confirms the presence of Zn(OH), species, which
further indicates the alkalinity of the CuZA-06-03-01catalyst surface. As expected, the addition
of ZnO and Al,Os, as amphoteric supports, enriched the surface basicity[6—8], which could

enhance the catalytic activity and the adsorption of CO, molecule and *CO intermediate.



S5. Electrochemically Active Surface Area

The Electrochemically Active Surface Area (ECSA) values of the electrodes were calculated
by determining the double-layer capacitances of a rough surface. The double-layer
capacitances have been determined in a potential range where no Faradaic process occurs from
CV measurements on Na-purged electrolyte under rotation at 1300 rpm. This region is in a
potential range with a 100 mV window potential centred at the open-circuit potential (OCP) of
the system and, so, all the measured currents in this region were assumed to be from the double-
layer charging. Then, the capacitive current density (i.) was measured at different scan rates
(5, 10, 25, 50, 75 and 100mV s™') from the recorded CV (see Figure S4). At the basis of this
hypothesis, the i. was equivalent to the product of electrochemical double layer capacitance,

(Cpp) and the scan rate (v), as given in equation (S1).[9-11]

iC = 7. CDL (Sl)

The Cp, is represented by the slope of the linear fitting when the i, is plotted against the
multiple scan rates and the ECSA is calculated according to the equation (S2), where C,..f is
the double-layer capacitance of a flat reference surface. In this work was used a value of 28 puF

cm? as a reference for a flat Cu electrode surface.[12,13]

CDL

ECSA = (S2)

Cref
The CuO catalyst could be reduced to Cu,O and Cu at potentials even more positive than +0.2
V vs. RHE[14]. For this reason, in the applied potential range that was used for measuring the
CpL (from 0.0 to +1.2 V vs. RHE), most of the electrode is considered reduced. It can be
assumed that the oxide-derived Cu metal is the contributor to evaluate the Cp; of the electrode.
As shown in Table S4, the electrocatalysts exhibit drastically different surface areas. The
highest ECSA of the mixed-metal oxide electrodes (CuZA and CuZ) is ascribed to their smaller
crystallites with respect to the Cu-06 sample (see Table S3). However, adding Al>O3 was not
so successful in increasing the ECSA as in the case of the only addition of ZnO to the Cu-based
catalyst: in fact, Al,O3 was effective in increasing the BET surface area (see Table S2) but not

the electrochemical active one.



Table S4. Capacitance and ECSA values of the electrodes.

Electrodes Cpz, mF cm™ ECSA, cm?
Cu foil 0.028 1
Cu-06 0.3 9.7

CuZ-06-03 35 123.9

CuZA-06-03-01 0.8 30.2
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Figure S4. Determination of relative roughness (geometric area 0.0706 cm?) of Cu-06 catalyst: a)
Capacitive cycling of electrode over a 100 mV non-Faradaic region in a N»-saturated 0.1 M KHCOs3
electrolyte, b) Capacitive current densities vs scan rate. CuZ-06-03 catalyst: c) Capacitive cycling of

electrode over a 100 mV non-Faradaic region in a N>-saturated 0.1 M KHCO; electrolyte, d)
Capacitive current densities vs scan rate CuZ-06-03 catalyst: e) Capacitive cycling of electrode over a
100 mV non-Faradaic region in a Np-saturated 0.1 M KHCO; electrolyte, f) Capacitive current
densities vs scan rate. The measurements were carried in a RDE system with a catalyst loading of 0.6

2
mgcyo €M ~.




86. Electroactivity in a Rotating Disk Electrode System
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Figure S5. LSV responses under CO; flow of CuZA-06-03-01 catalysts in a Rotating Disk Electrode
System. The test was carried out in CO,-purged 0.1 M KHCOs electrolyte (scan rate: 5 mV s!) with a

catalyst loading of 0.6 mgcuo cm™.



S7. Blank test
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Figure S6. CV responses for a electrode with a ink without catalyst nanoparticles. The VC/Nafion
ratio was 70/30, and the test was carried out in 0.1M KHCOj; aqueous electrolyte.

From a blank test by using only Vulcan Carbon and Nafion in the GDE, contrary to what
reported by Tung-Mo Tseng and co-workers,[15] within the potential range of 0 to -2.0 V vs
Ag/AgCl, it was possible to clearly observe an increase in the activity towards hydrogen
evolution both under N> and CO» flows (see Figure S6). The absence of redox peaks at -1.0 V
vs Ag/AgCl in this blank test could confirm the hypothesis about the reduction of the Cu?*
species to Cu'™ and/or Cu® on the electrode containing the catalyst particles. The CV response
under CO> flow is almost overlapped to that recorded under N». Therefore, from these
observations, one might conclude that without the Cu-based catalyst particles almost only HER

would be possible. However, it can be observed in Figure S7 that a very small amount of CO»

reduction products (< 2%) was generated under chronoamperometry conditions.
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Figure S7. Faradaic efficiencies of gas and liquid products at -1.5 V vs Ag/AgCl for a electrode with a
ink without catalyst nanoparticles. The chronoamperometry was carried out in 0.1M KHCO3 aqueous

electrolyte.



S88. Effect of local pH
Considering the control volume shown in the figure below (Figure S8), the boundary conditions
that solution must meet are established. Particularly, in x = 0 um (hence, at the GDL/electrolyte
interface or left-hand boundary) the following conditions are enforced:

a) COz concentration is set to its maximum solubility in a specified bulk electrolyte

concentration;

b) No-flux condition is applied to OH-, HCO3 and CO3".

In x = 3 (corresponding to the diffusion layer thickness or right-hand boundary) the conditions
are instead:
¢) No-flux condition is applied to CO»;

d) OH-, HCO3 and CO%~ concentrations are set to the equilibrium value in a specified bulk

electrolyte concentration.

Catalyst
Layer

Electrolyte

Figure S8. Schematic of the control volume. Adapted from Lv et al. [16]

The effective diffusion coefficient values were employed instead of the bulk values, as
suggested in the work done by Raciti ef al.[17], which identified the effective diffusivity to be
in the range of 0.4-0.6Dy (being Dy the bulk diffusivity). The diffusion coefficient values and

the kinetic constants are reported in the Table S5 and Table S6 below.



Table S5. Effective and bulk diffusion coefficients of chemical species in the bulk electrolyte at 25°C.

[17]

Soecies Effective diffusion coefficient Des, m?s™ Bulk diffusion
P [Detr= 0.6Dp] coefficient, m?s™!
Co, 1.15-107 1.91-10°

HCO3 5.54-101° 9.23-10"°
Co3~ 7.14 - 10710 1.19 - 10°
OH™ 3.16 - 107 5.27 - 107

Table S6. Rate constants for forward and reverse reaction at 25°C.[ 18]

Reaction Forward rate constant, 1 M s™! Reverse rate constant, 1 s
Kkir kif .
COzaq) + OH™ &= => HCO3 ky = 5.93 10° kir = 134 107
Kk2r k2
HCO; + 0H~ =2 c02- 4 H,0 kor = 1 10° Kyp = 2.15°10°

The equilibrium concentrations were determined on the basis of the equilibrium constants K

and K». The equilibrium constant K; can be derived as Eq. (S3):

_ [HCOS ] (S3)
' [co,][0H"]
Similarly, the equilibrium constant K> can be derived as Eq. (S4):
[CO37] (S4)

% = fcosom ]

The total concentration of dissolved carbonate forms (TC) is expressed as follows in Eq. (S5):
TC = [CO,] + [HCO3] + [COZ] (55)

Then, [HCO3 ] and [CO%™] can be derived from Egs. (S3) - (S5) as follows:

L Ky [OHT]TC
[HCO5] = (1+K; [OH™1+K1K,[0H™]?)
[COZ_] _ K1K, [OHT]? TC

3

T (1+Kq [OH]|+K1 K, [0H™]2)




which depend on the TC and on the measured pH values.

The maximum solubility values were adopted from the reports by Gupta et al. and by Lv et al.,
with [CO2] =34.2 mM in 0.1 M KHCOs3, [CO2] =23.9 mM in 1 M KHCOs, [CO2] =27.7 mM

in 1 M KCl, [CO2] =24.5 mM in 1 M KOH and [CO2] =25.7 mM in 0.5 M K>SO4.[16,18]

As the production of OH™ and the consumption of CO> occur within the catalyst layer, the terms

of generation are spatially-dependent. Hence, they were evaluated as follows [19] in Egs. (S6)

and (S7):

j € XiFE;(co,rr) [CO,] (S6)

R =L 0<x<L
CO2RR F Lcat n.e.; [COZ,O] =5 Rear
RCOZRR =0 X > Leat
j € FE -

ROH = ;E(l - %) 0<x< Lcat (S7)
ROH = 0 x> Lcat

where j is the current density, F is the Faraday’s constant, FE; is the Faradaic efficiency of a
given COz reduction product, n.e. is the number of the electrons required for a given reduction

reaction, L. is the width of catalyst layer and £ is the porosity.

In literature, catalyst layer porosities in the range of 40-60% have been reported [20], thus it
was assumed it to be 50%. The thickness of the catalyst layer should be determined via cross-
sectional SEM. However, due to the lack of experimental data, it was supposed this value to be
2.5, 5, 10 or 20 um depending on the catalyst loading. Specifically, the thickness values
adopted were: 2.5 um for the 0.44 mg/cm? GDE, 10 pum for the 2-2.5 mg/cm? GDE, 20 um for
the 4-4.5 mg/cm? GDE. The thickness of the diffusion layer was assumed to be 100um, equal

to that employed by Lv ef al.[16] With this regard, an option would be to consider the diffusion



layer equal to the depth of the cavity into which the cathode is recessed due to the compression
with a sealing gasket, as suggested by Dinh et al. [20]. Indeed, the fluid outside the cavity can

be considered well mixed and continuously replaced.

In calculating Egs. (S6) and (S7), the geometric current densities and product selectivities from
these experimental results were imposed. Actually, in order to prove the validity of the model,
it was attempted to reproduce the results obtained in the work done by Lv et al. The data

obtained are in accordance with those reported in the literature.[16]

From the processing of our data, it was obtained the following trend in Figure S9 for the tests

conducted on Cu-06 at -1.5, -1.75 and -2 V vs Ag/AgCl in IM KHCO:s.

13.5
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T 125 250,
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Figure S9. Surface pH trends obtained with the developed model: reproduction of the data reported by
Lv et al. and processing of our experimental data (green curve) (obtained with tests conducted on Cu-

06 catalyst at -1.5, -1.75 and -2 V vs Ag/AgCl in 1 M KHCO:s electrolyte solution).

For a specific test, that is at -1.5 V vs Ag/AgCl, the impact of the supposed catalyst layer
thickness was evaluated in order to set an error bar. As it can be seen in Figure S10, ranging
from 2.5 um to 20 um resulted in a maximum variation of the calculated surface pH value equal

to 0.05.
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Figure S10. Influence of the catalyst thickness on the calculated surface pH for a specific test,

conducted on Cu-06 catalysts at -1.5 V vs Ag/AgCl in 1 M KHCOs electrolyte solution.
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