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Abstract

The thesis is based on the electrochemical activation of CO> towards several
types of catalysts, having as common characteristic, the attempts and realization of
single metal active sites. Different approaches were investigated, throughout the
Lewis acids doping of organic polymers, taking the advantages of peculiar
structures like the one of the Molecular Organic Framework (MOF) and finally
more challenging approaches starting from metallorganic complexes building

heterogeneous materials based on metalloporphyrin.

The complete physical and chemical characterization of those catalysts was
performed by several techniques like the Attenuated Total Reflectance Fourier
Transform Infrared spectroscopy (ATR-FT-IR), UV-Vis spectroscopy and Diffuse
Reflectance Measurement, Powder X-Ray Diffraction (XRD), X-Ray
Photoelectron Spectroscopy (XPS), Field-Emission Scanning Electron Microscopy
(FE-SEM),  Brunauer—-Emmett-Teller surface analysis (BET) and Thermo-
Gravimetric and Evolved Gas Analyses (TGA-EGA). Parallel to them, fundamental
electrochemical analysis were performed in order to detect and quantify the possible
selectivity towards the CO» conversion and to compare it to the competitive H»
evolution reaction, such as: Cyclic Voltammetry (CV), Electrochemical Impedance

Spectroscopy (EIS) and Chronoamperometry (CA).

The catalysts were able to produce variegated products of great interest for both
the fuels and chemicals industrial sectors. Indeed, carbon monoxide, formate,
ethylene and methane could be synthetized at different rate and selectivity based on
the different type of catalysts. In order to optimize such conversion processes, also

the experimental setting followed a continuous improvement all along the years,



strictly following the upgrade obtained from the scientific community highly active
in this research field. Indeed, starting from simpler apparatus based on H-cell, the
electrochemical setup followed itself a great improvement passing through the

batch cell till the most performing flow cell employment.

The interest to stabilize single metal centers, considered to be the active species
for the CO; conversion through electrochemical process, hided in some way a more
complex topic: the nature of the true active site under an electrochemical bias.
Indeed, the work, following the updates coming from the most recent literature,
highlights the real nature of the catalyst under potential that is often underestimated.
Indeed, only performing specific physical and chemical characterization under
potential, it is possible to analyze the active species all along an electrochemical
process. In our specific case we were indeed able to identify metallic clusters
formed during the catalysis that they were completely unpredicted in the previous

literature for the last part of the thesis.



Contents

1. Introduction and state Of the art ..........ccccoceviiiiiiiniiiie 17
1.1 Thermodynamic analysis .........cccccueeerveeeiieeeiieeeire e e e 18
1.2 SOIUDIILY...coiiiiieciieieee et e 22
1.3 ELECHIOLYLE ...evieeeieeiieeiieee ettt e 24

1.3.1  Organic SOIVENL .......ccueeeiieiieeiieiieeie ettt eve e 24
1.3.2 Tonic LiQUids ..cc.eevvieriieeiiieiieeieeieeete et 25
R )  FO TSP 25
1.5 MEMDIANE ....cocueiiiieiiieiiee ettt e 28
1.5.1  GIASS fTTt.eiiiiiiiieiie e 28
1.5.2 Cationic Exchange membrane (CEM) ..........cccceviiiniiiiinninnnienn, 28
1.5.3 Anionic exchange membrane (AEM) .......ccccoocvivviivinieeiniee e, 30
1.5.4 Bipolar Membrane (BPM) ........cccccvviviiiiiiiiiiieceecee e 30
1.6 Electrochemical SEtUP .......cceevvuiiieiiieniiiieiieece e 31
1.6.1  CloSe CEIl SETUP ..eevuvreeeiiieeeiiieeeiee ettt et e 32
1.6.2  Batch Cell SETUP ..eveviiiiriieiieiectcieeeeeee e 32
1.6.3  Flow cell electrolyzer.........ccoouieiieiiieiieiieieeeee e 33
1.6.4  Zero-gap electrolyZer .......c.ccovveiiviiiiniiniiiiiceeceeeeeeee 35
1.7 CO2RR Catalyst .....cceevuiiiiniiiiinieriieeeeeeceeeee e 39

2. Experimental Procedures ...........cccoevviiieeiieeiiieeiee et 42

2.1 Chemical and physical analysis .........ccceeveeerieeriieenieeeiee e 42
2.1.1 Attenuated Total Reflectance Fourier Transform Infrared
SpectroscOPY (ATR-FT-IR) couuviiiiiiiiieeee e 42
2.1.2  UV-Vis spectroscopy and Diffuse Reflectance Measurement.....43
2.1.3 Powder X-Ray Diffraction (XRD).......cceccveriieiieniieiienieeeeee, 43

2.1.4 X-Ray Photoelectron Spectroscopy (XPS) ...ccocvevieriiienieeinenen. 43



2.1.5 Field-Emission Scanning Electron Microscopy (FE-SEM)......... 44
2.1.6 Brunauer—-Emmett—Teller surface analysis (BET)..........c........... 44
2.1.7 Thermo-Gravimetric and Evolved Gas Analyses (TGA-EGA)...45

2.2 Electrochemical ANalysis .........cccceveuieriieriiienieiiienieeieesee e 45
2.2.1 Cyclic Voltammetry (CV).....occveeiieiienieeiienieeieesee e 45
2.2.2  Electrochemical Impedance Spectroscopy (EIS).......ccccevvenneennen. 46
2.2.3 Chronoamperometry (CA) and electrochemical setup................. 46

2.3 Computational detailS ...........ccceerirreiieriieiiieie e 50
2.3.1 Molecular chemical potentials ..........ccceeeevireririeeniiieeriee e, 50
2.3.2 Molecule COTTECLIONS .......eerueeruiieiieeiieniie ettt 51
2.3.3 Solvation energy calculation ..........ccceeveeveevenieninneniienecenne 51
2.3.4 The Computational Hydrogen Electrode method ........................ 52
2.3.5 Reaction Gibbs free energy calculation ............cccoccveeeivenreennnnen. 52

3. Metal Doped Polyaniline ...........c.ccccveeiieiiiiiiiiiieeieeieecee e 54

3.1 Doped polyanilines synthesis...........ccecveeevieerciieeniieeniie e 55

3.2 Physical and Chemical Characterizations...........cccceeeeveerrveeennveenne. 56
3201 ATR e 57
3.2.2 UV-VIS SPECIIOSCOPY --vvervveemriennreaiieriteeieesieeeieeseeeseessreenseesssesnseens 58
333 XPSand ICP ..o 59
334 FE-SEM ..ottt 61

3.3 Electrochemical characterizations ...........cceceeveeeieeniennieeneenneennne. 63
3301 CV e et 63
332 EILS e e 63
3.3.3 Double Layer Capacitance..........cccccueeevueeeeiieeniieeniieesveeenveeseneeens 65

3.4  Investigation on the electrode cOmMpoOSItion .........ccceevvevcieereeeneennen. 66

3.5  Electrochemical performances............ccceecueeruienieeiienieniienieeieeeee. 68

A, SNO2/PANI ..ottt 72

4.1 Synthetic ProCedure .........ccceevuierieiiieieeieeeeee e 72



4.2 Physical and chemical characterizations.............cccceerveeerveeesereenne. 73

A.2.1 ATR oo et 73
4.2.2 UV-VIS SPECITOSCOPY vvveeurrrerrrrerrreesirreesseeesseeesreesssessssseessseesssses 74
4.2.3 FE-SEM ..ottt 74
4.2.4 XRD and TEM.......cociiiiiiiiiiieiiesieeeeeeeee et 77
B.2.5 XPS et 78
4.3 Electrochemical performances............ccccoeevverierciienieecieenieeieeneeenn, 80
5. Zeolitic Imidazole Framework............coccoeviirieiiniiiniiniieieieeeeceeee e 84
5.1 ZIF-8 SYNtRESIS ..eeeiiieiieiiieeiieee ettt 84
5.2 Physical and chemical characterization ............cccccoeveeviieiiieneeencen. 86
5.2.1 ATR SPECIIOSCOPY .eeeuuviieiiieiiiieiiiteeiiee ettt eitee ettt e st 86
522 XRD ittt sttt nne 87
5.2.3 TGA-EGA analysiS ......ccccovieriieiieriieiiieeieesieeeeeeieesreeveeseneeneens 88
524 FE-SEM..iiiiiiiieee e e e 90
5.2.5 BET @NalysiS cuueieiiiieiiiieiiie ettt e 90
5.2.0 XPS .o e 91
5.3 Ab initio Density Functional Theory .........ccccoocevvieniniinincnncnnenne. 94
5.3.1 Imidazole-imidazolate pair free surface........c..cccceevervenericnnenne. 94
5.3.2  Water coordination by Zn?* Sites ..........ccceoevuererererruerersrerereenen. 97
5.4  Electrochemical performances...........ccccceceeveevienienernieneenenecneene. 99
6. Electrografted Cu-porphyrin........cccceveiiiieiiiieiiieeieeee e 104
6.1 Physical chemical characterization.............ccceceevvciieenieeenieeeeiee e 106
6.1.1 UV-VIS SPECLIOSCOPY .ouvvveerrreeirreeiereeeireeeireeeseeesseeessseesssseesssnens 106
0.1.2 XPS .ottt 110
0. 1.3 FE-SEM ..ottt 114
6.2 Electrochemical characterization............coeceevvevieneeienienennienicneeens 116
6.3 Electrochemical performances .............ccoecueeviieniienienieeniienie e 118

6.4 EX-Situ CharaCteriZation .........coovvviiiiiiiiiiiiee e 124



7. Conclusions

8. BiIDHOZIaPNY ...veiiiiieciie e e



List of Figures

Figure 1: Latimer-Frost diagram for the multi-electron, multi-proton reduction of

CO2 in aqueous solution at PH = 7. ...c.ccocuiriiiiiiiiiiieiiee e 20
Figure 2: Solubility of CO; in water as a function of the pH value at indicated
temperature, salinity, and PrESSUTIE. ........cccvuiieriiieeriieerieeereeeeiveeeeeeeereeesreeeneneees 23
Figure 3: Water-carbon dioxide Pourbaix diagram.............ccoceeviiniiniinninnnenne 26

Figure 4: Classical mean-field description of the electrical double layer based on
the Gouy—Chapman— Stern model. Are reported the inner Helmholtz plane (IHP)
and the outer Helmholtz plane (OHP) forming the Stern layer, externally the
QIFFUSE LAY ...ttt enne 27

Figure 5: a) Nafion membrane proton transfer mechanism. B) Two examples of
Anionic exchange MEMDIANE. ..........cccuieriieriieriieeieeiee et ereeeereesee e 29

Figure 6: Schematic representation of a bipolar membrane. A) under reverse bias

and b) Torward Bias®®. ..........c.oovieeeeeeeeeeeee e 31
Figure 7: Electrochemical setups for the conversion of CO2. A) Batch cell, b) Flow
cell and ¢) Zero-gap configUIation. ..........eevueeriieriieniiieniie e 36
Figure 8: Zero-gap configuration variations. ..........ccccceeerveeerveeniveenieeesineeenneen 37

Figure 9: The zero-gap electrolyzer working at different temperatures. Reported
cell voltage (blue line) and CO selectivity (red line) at a constant current density

OF 0.1 A G oot 39
Figure 10: Different type of heterogeneous catalysts. a) single atom, cluster and
nano particles, b) Me-N-C catalysts ad ¢) MOF and COF representations. ........ 41
Figure 11: Electrochemical setup configuration. ...........ccccceeveveeviienieenieenieenieene. 48

Figure 12: Reaction mechanism of polyaniline synthesis and the possible forms
OBAINADIE. ..ot 55

Figure 13: ATR spectra of EB-PANI (black), Mn-PANI (red), Cu-PANI (blue),
Sn-PANI (purple) and Fe-PANI (Green). .......ccccvveevieeeiiieeiieeeeeeee e 57



Figure 14: UV-Vis spectra of EB-PANI (black), Mn-PANI (red), Cu-PANI (blue),
Sn-PANI (purple) and Fe-PANI (Ereen). .......ccccveeeiiieeriieeieeeieeeie e 58

Figure 15: a) ATR and b) UV-Vis spectroscopy of Zn-PANI sample................. 59

Figure 16: High-resolution XPS acquisitions of the Cu2p, Sn3d, Mn2p3/2 and Fe2p
regions for samples (a) Cu-PANI, (b) Sn-PANI, (¢c) Mn-PANI and (d) Fe-PANI.

Figure 17: FESEM images of (a) EB-PANI and (b) Sn-PANL .......ccccccevienennne. 62

Figure 18: (a) Cyclic voltammograms of EB-PANI, Mn-PANI, Cu-PANI, Sn-
PANI and Fe-PANI. Resistance Charge Transfer, RCT, in Nz-purged and CO»-
saturated electrolyte: (b) EB-PANI, (c) Mn-PANI, (d) Cu-PANI, (e) Sn-PANI and
(£) FE-PANL ..ottt 64

Figure 19: Nyquist plot of the impedance data acquired on Cu-PANI electrode in
CO»-saturated electrolyte at different potentials (the points are experimental data;
the lines are calculated using the equivalent circuit shown in the inset).............. 65

Figure 20: Determination of double-layer capacitance for various electrodes in N»-
purged 0.1 M KHCO3: (a) representing CVs on Cu-PANI electrode; (b)
Capacitance values calculated from the slopes of current densities vs. scan rate.66

Figure 21: CO2RR on various electrodes with different compositions at -0.99 V in
COz-saturated 0.1 M KHCO3 electrolyte: (a) Faradaic efficiencies and (b) partial
CUITENT AENSTEIES. .veutiiiiiiiiiieiteteeit ettt ettt ettt et sttt et st sbe e saeens 67

Figure 22: CO2RR on various electrodes in CO2-saturated 0.1 M KHCO3
electrolyte at -0.99 V: (a) Faradic efficiencies for CO2RR products, (b) partial
current densities, (c) double-layer capacitance-normalized partial current densities
and (d) turnover frequency for CO and HCOOH products. .........c.cccecvveerveennnnenn. 69

Figure 23: Long-term test of Sn-PANI electrode. Faradaic efficiency and total
current density as function of time in aqueous CO2-saturated 0.1 M KHCO3
SOIUtION @t -0.99 V..o 71

Figure 24: a) ATR spectra of SnO2/PANI (blue) and EB-PANI (green, b)
normalized UV-Vis spectra of PANI samples. ¢) FE-SEM image of SnO,/PANI
T 11101 0] (<SSR 75



Figure 25: Electron diffraction image (top left) and EDX maps of C, N, Sn, Cl, O
chemical elements for the SnO2/PANI sample. .......ccccvvevviieenciiieniiieeieeeee e, 76

Figure 26:SnO2/PANI morphological characterization. a) XRD experimental data,
alongside fit through Paley refinement and corresponding residuals. b) selected-
area electron diffraction results, ¢) and d) high-resolution TEM images. The arrows
in ¢) point to the crystalline domains. The interplanar spacing measured in d),
corresponds to the (110) family of planes in rutile SnOn........coccvevvviviiieniiannenne, 78

Figure 27: SnO2/PANI high-resolution XPS spectra. In details a) C 1s, b) O 1s, c)
N Is and d) Sn 3d r@IONS. .....ovueiiiriiriiiiieieetee e 79

Figure 28: Chronoamperometries results in different combinations of electrolytes
(0.5, 1.0 and 2.0 M of KHCO3) and applied potentials (-1.0, -1.2 and -1.3 V vs
RHE. a) faradic efficiencies, b) current densities, c¢) turnover frequencies and d)
partial current densities for formate. ............ccoeeveeeiiieriieiiieriieeeeeee e 81

Figure 29: Chronoamperometry tests for stability evaluation. a) HCOO™ production
during time at -1.2 V vs RHE in 1.0 M KHCO3, b) current density, FEn2 and FEco

along 15 hours at -1.2 Vin 2.0 M KHCO3......c.cooiieiieiieeiieieeieeeeeeee e 82
Figure 30: ATR spectroscopy of sZIF-8 sample (green line) and sZIF-8-MWCNT
SAMPIE (DIUE 1N@). ..oeuiiiiiiiiii e 86

Figure 31: XRD patterns of a) sZIF-8 (green line), sZIF-8-MWCNT (blue line) and
related ZIF-8 simulated pattern from VESTA software (red line) and b) MWCNT

after basic treatMENt. . .....c.eeiiiiiiiiiiiie e 87
Figure 32: TGA and EGA for sZIF-8. .....cooiiiiiieeeeeeeeeeee 88
Figure 33: TGA and EGA of SZIF-8-MWOCNT. ....cccooiiiiiiiieieeeeeeeeeee 89
Figure 34: Electron microscopic images. a) FE-SEM images of sZIF-8 and b) sZIF-
B-MWECNT . ..ttt ettt e 90
Figure 35: Isothermal linear plot of a) sZIF-8 and b) sZIF-8-MWCNT.............. 91
Figure 36: N1s, C 1s, Zn 2p3), O 1s region of XPS spectra of sZIF-S................ 93

Figure 37: N1s, C 1s, Zn 2p3, O 1s region of XPS spectra of sZIF-8-MWCNT 93



11

Figure 38: Simulated ZIF-8 structures: a) ZIF-8 (110) surface, b) ZC1@CNT and,
¢) ZC2@CNT. Color code representation: orange for zinc atoms, cyan for carbon

atoms, blue for nitrogen, dark grey for CNT carbons. .........ccccveeveviieecieencieeennn. 95
Figure 39: CO2RR pathway forming CO and H20 on ZIF-§ (blue line), ZC1@CNT
(red line) and ZC2@CNT (green line) at U =0V vs RHE. ..., 96

Figure 40: Simulated ZIF-8 (110) surface terminated by hydroxyl anions and water
molecules. Color code representation: orange for zinc atoms, cyan for carbon
atoms, blue for nitrogen, red for 0Xygens atoms. ...........ceecueevieeieeneeniiienieeieene 98

Figure 41: CO2RR and HER on ZIF-8 (110) surface terminated by hydroxyls and
water species: panel a) displays the free-energy profiles for HCOOH (red line), H
(grey line) and CO (blue line) at U = 0 V vs RHE; panel b), ¢) and d) represent
*OCHO, *H and *COOH intermediates, respectively. Color code representation:
orange for zinc atoms, cyan for carbon atoms, blue for nitrogen, red for oxygens
1 00) 11 1O ST SOUP PP U PR PPPOPRORPPION 98

Figure 42: Chronoamperometric tests in different electrolytes and potentials. a) 0.
a) 0.1 M KHCOs3, b) 0.5 M KHCO3, ¢) 1.0 M KHCO3, d) 2.0 M KHCOs......... 101

Figure 43: Semi-flow cell CO2RR investigation on sZIF-8-MWCNT electrodes. a)
FEs and current densities at -1.2 V in different electrolyte compositions and b) the
relative TOFs. Stability test in 0.1 M KHCOs3 at -1.2 V vs RHE ¢) FE and current
density as a function of time and d) CO production rate during a 20-hour stability
test. Stability test in 1.0 M KHCOs at -1.2 V vs RHE e) FE and current density as
a function of time and f) CO production rate during a 40-hour stability test..... 102

Figure 44: Electrografting mechanism of amino group oxidation. .................... 105
Figure 45: TAPP chemical reaction with copper salt..........ccccceeevvveenciiininennne. 107

Figure 46: a) UV-Vis spectra of TAPP and CUTAPP in NMP solution. b)
schematic representation of the four possible Q and B transitions on TAPP
TNOLECULES. ...ttt ettt et 108

Figure 47: UV-Vis spectra in reflectance mode of electrografted supports: GC,
HOPG, CP and GDL. .......cccooiiieieieieseceeeeeee e 109

Figure 48: XPS spectra Cu 2p region of a) CuTAPP-CP, b) CuTAPP-GC and c)
CUTAPP-HOPG. ..ottt 110



Figure 49: XPS spectra N 1s region of a) CuTAPP-CP, b) CuTAPP-GC and c)
CUTAPP-HOPG. ...ttt 113

Figure 50: FE-SEM images of three different electrodes at three different
magnifications. a,d,g) virgin carbon paper electrode, b,e,h) carbon paper electrode
grafted at +0.5 V vs Ag/AgCl by CA and c,f,i) carbon paper electrode grafted at
+0,8 V vs Ag/AgCl by CA. All the potential are reported vs Ag/AgCl reference
ClECIIOME. ..ttt ettt 114

Figure 51: EDX mapping of copper and nitrogen atoms. a) and ¢) N atoms from
electrodes +0.5 V and +0.8 V, b) and d) Cu atoms from electrodes at +0.5 V and
F0.8 V VS AG/AZCL. oot 115

Figure 52: Cyclic Voltammetry of CuTAPP solution (0.5 mM) inside a 0.1 M
LiClO4 methanol solution with 25mM TEA base. a) complete cyclic voltammetry,
D) MAGNIFICATION. ...eoviiiiiieiieiiieiiecte ettt ebeesaeeesbeeseaeenaeas 117

Figure 53: CuTAPP electrografted electrodes. In order, a) CP support, b) GDE
support, ¢) GC support and d) HOPG Support. ........cccceeeveeeieerieenieenieeieereenee 118

Figure 54: CuTAPP drop casted on a GDL support tested in a flow cell
configuration. Chronoamperometry test performed in 0.1 M KHCOs solution at
different POtentials. .......coceoviiiiriiiiiiie e 119

Figure 55: CuTAPP-CP prepared by cyclic voltammetry electrochemical test.
Chronoamperometry performed at -1.2 V vs RHE in different electrolyte
COMIPOSITION. 1.uetreenirieeiteeereteeeiteeeeteeeeaeeeseneeanseeeasseeeasseeesssneensseeessseesnsseesnsseesnnses 120

Figure 56: Electrochemical performances of CuTAPP-CP grafted electrodes by
chronoamperometry. Electrolysis performed in a batch cell configuration with a
0.5 M KHCO:; electrolyte at a) -1.2 V vs RHE and b) -1.1 Vvs RHE. ............. 122

Figure 57: Electrochemical tests in a flow cell configuration of CuTAPP-GDL, 0.5
M KHCOs at -1.2 V vs RHE, bearing a Sustanion AEM. ..........cccccoevvviniennnne 123

Figure 58: FE-SEM images of the grafted CuTAPP-CP prepared by cyclic
voltammetry, tested at -1.2 V vs RHE in 0.5 MKHCO; for 1 hour. .................. 125

Figure 59: FE-SEM images of a CuTAPP-CP grafted electrode. Three different
magnifications a-b, c-d and e-f, with virgin electrode on the left column and tested
electrode after 30 h of electrolysis on the right column. .............cccoeevirinennne. 126



13

Figure 60: XPS measurements on a) and b) CuTAPP-CP, c¢) and d) CuTAPP-GC,
e) and f) CuTAPP-HOPG. Left column, virgin electrodes priory
chronoamperometry, right column tested electrodes after 30h of test. .............. 127

List of Tables

Table 1: Theoretical electrochemical potentials of CO> reduction half reaction versus
Standard Hydrogen Electrode (SHE), at pH 0, at 25 °C, 1 atm and 1.0 M
concentration of Other SOTULES. .......cccuiriiriiiiiiieiice e 21

Table 2: Metal percentage by ICP quantification and chemical composition by semi-

quantitative high-resolution XPS analysis........cccceccevieririiniineniinicnieeieeecneeienene 61
Table 3: Elemental analysis of SnO2/PANI sample performed by EDX technique and
high-resolution XPS analysis. Sn/O and Sn/N ratio comparison. ..........cccceceeveenuennee. 77
Table 4: BET surface area and pore volumes of sZIF-8 and sZIF-§-MWCNT ......... 91

Table 5: Cu 2p3,2 binding energy, Cu L3Ma4 M4 s kinetic energy, Auger Parameter ()
of reference materials (a)!%>, of the electrografted samples CuTAPP-CP, CuTAPP-GC,
CuTAPP-HOPG, and the reference!>* CuTPP and CuTPP(F) samples (b).............. 112

Table 6: N 1s binding energy of reference materials (a), TAPP, Zn-TAPP!>> and of the
electrografted samples CuTAPP-CP, CuTAPP-GC, CuTAPP-HOPG..................... 113

Table 7: Cu 2p3/2 binding energy, Cu L3M4,5M4,5 kinetic energy, Auger Parameter
(a’) of reference materials (a)!°> and of the electrografted samples CuTAPP-CP,
CuTAPP-GC, CuTAPP-HOPG after teSt. ... . 128



List of Acronyms

ACN - Acetonitrile

AEL - Anodic Exchange Layer

AEM - Anion Exchange Membranes

Atm - Atmosphere units

ATR-FT-IR - Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
BET - Brunauer—-Emmett-Teller surface analysis

BPM - Bipolar Membrane

CyHy - Ethylene

CA — Chronoamperometry

Ca1 — Double-layer capacitance

CEL - Cathodic Exchange Layer

CEM - Cation Exchange Membranes

CH4 - Methane

COzRR - Carbon dioxide reduction reaction

COF - Covalent Organic Framework

CP - Carbon Paper

CuTAPP - 5,10,15,20-Tetrakis-(4-aminophenyl)-porphyrin-Cu**
CuTPP - Cu-tetrakisphenylporphyrin

CuTPP(F) - Cu-tetrakis(pentafluorophenyl)porphyrin

CV - Cyclic Voltammetry



15

DFT — Density Functional Theory

EB-PANI - Emeraldine Base Polyaniline
ECSA - Electrochemically Active Surface Area
EDX - Energy-Dispersive X-ray spectroscopy
ES-PANI- Emeraldine Salt Polyaniline

EtOH - Ethanol

FE - Faradaic Efficiency

FE-SEM - Field-Emission Scanning Electron Microscopy
GC — Glassy Carbon

HER - Hydrogen Evolution Reaction

HOPG — Highly Ordered Pyrolytic Graphite
[HP - Inner Helmholtz Plane

IL - Interfacial Layer/Bipolar Junction

1PrOH - Iso-propanol

MEA - Membrane Electrode Assembly
MeOH - Methanol

MOF - Metal Organic Framework

MOF — Molecular Organic Framework
MWCNT — Multi Walled Carbon Nanotube
NMP - N-Methyl-2-pyrrolidone

OHP - Outer Helmholtz Plane

PCET - Proton-Coupled Electron Transfer



PEM - Protonic Exchange Membrane

PTFE - Polytetrafluoroethylene

PVDF - Polyvinylidene Fluoride

Rcr —Charge Transfer Resistance

RHE - Reverse Hydrogen Electrode

scCO; - Supercritical carbon dioxide

SHE - Standard Hydrogen Electrode

SSE - Solid-State Electrolyte

TAPP - 5,10,15,20-Tetrakis-(4-aminophenyl)-porphyrin
TEA - Triethylamine

TEA- Triethylamine

TEM — Transmission Electron Microscopy

TGA-EGA - Thermo-Gravimetric and Evolved Gas Analyses
THF — Tetrahydrofuran

TPP — Tetraphenyl porphyrin

TPP(F) - Tetrakis(pentafluorophenyl)porphyrin

TRL - Technology Readiness Level

u-GC - Micro gas chromatography

XPS - X-Ray Photoelectron Spectroscopy

XRD - Powder X-Ray Diffraction

ZIF — Zeolitic Imidazole Framework



17

Chapter 1

Introduction and state of the art

The carbon dioxide (CO3) is a charming molecule heavily studied for its simplicity
and well-known inertness; nevertheless, it conceals a lot of hidden chemistry inside!.
Indeed, an isolated carbon atom bonded to a couple of oxygen atoms represents one
face of the nature’s token able to balance all the redox processes characterizing the life
we know. Starting from the sunlight, the energy vector, passing through several
biologic mediators and photosystems, two different high energetic molecules are
produced, namely the ATP and NADH. These extremely reactive compounds need to
be rapidly consumed to produce more stable energetic molecules through the so-called
Calvin cycle, fixing the CO> to glyceraldehyde-3-phosphate and subsequently to
carbohydrates and several other energetic complex molecules?. The entire process in
which CO> is fixed at expense of light energy together with H>O is the so called
photosynthesis, which generates high energy carbon compounds like the carbohydrates
and also molecular O,. The formers, are fuels that will be consumed to sustain the
organism, following a detailed redox pathway called “cellular respiration” avoiding
sudden and uncontrolled energy release. Such pathway is responsible of the
regeneration of ATP and NADH(P) biosynthesis, these molecules guarantee the life
through the biosynthesis of the necessary molecules, their locomotion and transport
across cell membranes, and several other processes. The final acceptor of the cellular
respiration is the oxygen molecule, the second face of the token’s life, which would be
transformed to water parallel to the CO> release, in a continuous life cycle.

Such sophisticated energy scheme is based on three elements: the energy,
provided by the sun, the CO; and the O». The necessity of a complex redox mediator
has not been randomly selected by nature. Indeed, the CO, hides a great
thermodynamic stability, partially preserved by the absence of a dipole momentum,
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which makes it tremendously difficult to convert this molecule in a more energetic
substrate®. In addition, the CO; is the most oxidized form of carbon, making the
molecule suitable for redox processes. Here there is the sophisticated balance that
characterizes this molecule: even if CO; is inclined to be reduced, due to kinetics
restrictions, the activation energy for this step is energetically expensive. This is
translated to a general inertness of CO> in normal condition, which becomes accessible
once a proper redox mediator system is built up; like in the case of the bio apparatus.

The electrochemical conversion of CO; is the human approach to mimic, and
hopefully optimize, the nature workshop. Applying a potential bias in an electrolysis
process, we are able to climb back the required energy barrier to activate the CO2, to
break its symmetry and then reach more reduced and hydrogenated products. The
interesting aspect characterizing the electrolysis processes is the possible integration
with green alternative energy plants. Fuels and chemicals production could be obtained
using CO» as building blocks at the expanse of energy coming from photovoltaics, wind
power, hydroelectric and any different sources connected to the place of interest. The
true power of CO; electrolysis conversion resides in its versatility, making it able to be
displayed everywhere.

1.1 Thermodynamic analysis

The electrochemical conversion of CO», also denoted as “carbon dioxide reduction
reaction, CO2RR” has gained much attention in the last two decades due to the interest
of modern policies to mitigate the climate change. The CO» electrolysis is extremely
emphasized, it is commonly reported as a process able to convert CO> directly from
the air and to be able to lower its concentration from the atmosphere. Even if it is
usually reported in this way, the actual experimental setup works instead with pure
commercial resources of CO». The most similar approach to the one described above,
should involve the combination of carbon capture technology with the consequent
electrolysis processes. Such technology is still present and for the readiness of the
actual technology would require extremely high energy input which would make it
difficult to sustain the overall system from an economical point of view*.

The CO2RR should be thought as a promising tool able to produce molecules of
interest, likes fuels and chemicals, and parallel stock the exceeding energy produced

from discontinue alternative energy plants. The Technology Readiness Level (TRL)
for CO2RR did not reach a turning point, indeed in the far 2004 a TRL of 5 for zero-
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gap configuration cell® was reached and still today the actual scale up does not grow
so far. To describe the evolution of CO2RR technology, the thermodynamic analysis
of the process is the perfect start. The molecule CO> molecule, being the most oxidized
form of carbon, is placed at the bottom of the free Gibbs energy® resulting almost inert,
as reported in the Latimer-Frost diagram (Error! Reference source not found.) in w
hich several reduced carbon products are placed at higher free energy values. Despite
these values, the half semi reactions for these reduced products are not
thermodynamically expensive. In the Table 1 the thermodynamic potentials versus
Standard Hydrogen Electrode (SHE) at pH 7 for different reduced products of CO> are
reported’. With the exclusion of the CO," radical anion, requiring the lowest potential
(negative potential), all the other half reactions show accessible bias, if not even
positive ones®’. The main difference among such values is correlated to the number of
electrons and protons involved. The highest energy request occurs for the mono
electron transfer, necessary to bend the planar geometry of the molecule and occupy
the lowest-energy unoccupied molecular orbital. From Table 1 is possible to see that
the applied potential continuously decreases as the number of electrons and protons
involved increases!®. Moreover, at equal number of electrons and protons, half
reactions proceeding in acidic media require a higher potential. That is numerically
significant for products like HCHO, CH30H, C>H4 and CH3CH2>OH and lesser for CHa,
CO and HCOOH instead.
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Figure 1: Latimer-Frost diagram for the multi-electron, multi-proton reduction of CO: in aqueous solution
at pH = 7. Reproduced with permission from ref. 6. Copyright © 2014, Science China Press and
Springerverlag Berlin Heidelbeg.

Even if concerted multi-electrons transfer are feasible, single steps concerning
more than 2 electrons are not reported in literature. In nature, multi-electrons reduction
with enzymes or photosystems are well known, nevertheless they are characterized by
consequent electron transfers involving one or two concerned electrons. Usually,
complex mechanism involves cascade steps of one/two electron reductions occurring
sequentially in the same substrate. The Nitrogenase enzymes are a class of enzyme able
to perform one of the most difficult reduction catalysis possible, the N fixation. Such
process occurs through several one proton-coupled electron transfer (PCET) and occurs
six times for cycle. Each intermediates was isolated and characterized, so justifying the
one-electron transfers mechanism!'!12:13:14,
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Table 1: Theoretical electrochemical potentials of CO2 reduction half reaction versus Standard
Hydrogen Electrode (SHE), at pH 0, at 25 °C, 1 atm and 1.0 M concentration of other solutes.

. . . . Electrode potentials
Possible half-reactions of electrochemical CO, reduction P

(V vs SHE)
2H +2e” > H, 0.000
CO,+e” = *C00~ -1.486
CO, +2H" +2e” > HCOOH -0.250
CO,+H,0+2e” > HCOO +OH" -1.078
CO,+2H" +2e” > CO+H,0 -0.106
CO,+H,0+2e - CO+20H" -0.934
CO, +4H" +2e” - HCHO +H,0 -0.070
CO, +3H,0 +4e” - HCHO +40H" -0.898
CO, +6H" +6e” > CH;0H + H,0 +0.016
CO,+5H,0 +6e” > CH;0H + 60H" -0.812
CO, +8H" +8e” > CH, +2H,0 +0.169
CO, +6H,0 +8e” - CH, + 80H" -0.659
2C0, +2H" +2e” - H,C,0, -0.500
2C0, +2e” > C,0,> -0.590
2C0O, + 12H" + 12e™ - C,H, + 4H,0 +0.064
2C0O, + 8H,0 +12e” - C,H, + 120H" -0.764
2C0, + 12H" + 12e” - CH;CH,0H + 3H,0 +0.084
2C0O, + 9H,0 + 12e” - CH;CH,OH + 120H" -0.744

In order to build up a catalytic system able to perform a similar work, we could
find inspiration in one of the most studied and know natural catalytic system involving
the COz: the photosynthesis. Such light driven reaction involves six molecules of CO>
converted into six-carbon-atom sugars at the expense of ATPs and NADHs. Since both
reducing agents are able to release two electrons per mole, several two electrons steps
occur for the overall reaction. A similar reaction pathway is theorized on metallic
copper surface in the CO2RR. Indeed, after a two electrons transfer on CO; forming
the carbon monoxide, this intermediate is still bonded and can proceed with further
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reduction steps which will eventually form all the other compounds known in literature

for this catalyst, like the aldehydes, carboxylic acids, alcohols and so on'>.

1.2 Solubility

Acknowledged the thermodynamic aspects of CO2RR, the second essential point
is the CO; solubility in the electrolyte. Excluding advanced technologies based on
three-phase system having the CO: both in gas and liquid phases, the CO> dissolved in
the electrolyte is the main source for the CO2RR. The electrolyte carries out several
functions: guarantees the close of the electrical circuit between working and counter
electrode, pairs the charge distribution between the electrodes through the ions
migration and permits a correct measurement of the applied working electrode potential
measuring the difference with the reference one.

Next to these proprieties, the electrolyte is also the main source of the substrate of
interest. This is the main drawback and limitation about CO;RR. Indeed, CO; shows
critically low solubility in water-based electrolyte, the benchmark solvent due to
availability and recyclability, reaching a poor concentration of only 33 mmol L at and
at 25°C and 100 kPa'S. Moreover, hydrogen evolution reaction (HER) from protons
reduction is extremely accessible (Table 1) and the H' concentration is high in acid and
neutral pH. The HER is indeed considered a competitive reaction of the CO2RR. The
solubility limit of 35 mmol L' is translated into a limit current density reachable for
the CO2RR electrolysis (20 mA cm™) due to mass transport limitation. This means that
at higher current densities, inevitably the HER rate would increase.

HCOs" and COs?" are the main forms in which CO> can be found in water as shown
in Figure 2. Such substrates have no record of possible electrolysis'’. Common CO,RR
studies use pure CO» source as reagent batch to compensate such limited solubility.
Moreover, higher CO2 molar flow rates are correlated to higher CO;RR rates and
consequently lower fraction of actual CO> converted'®.
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Figure 2: Solubility of CO: in water as a function of the pH value at indicated temperature, salinity, and
pressure. Reproduced with permission from ref. 24. Copyright © 1969, Elsevier.

Temperature and pressure are the physical variables characterizing any gas
solubility in the solvents. As reported in Figure 2, increased temperature generally
reduces the CO: solubility, while increased pressure act in the opposite direction. In
literature several approaches for low temperature electrolysis are present!®2? especially
if combined with the use of organic solvents characterized by a minor specific heat
capacity compared to water. Even if less frequent, also high pressure electrolysis are
reported’!. In order to obtain a lower temperature, further energy input is required,
those involving a minor energy efficiency of the system. More feasible design allowing
high-pressure setup can be designed, even reaching extreme conditions e.g. use of
supercritical CO; (scCO») directly as electrolyte. Supercritical solvents manifest the
low viscosity typical of gas phase parallel to the high density of liquids, all beneficial
characteristics for the electrolysis. Like several other organic solvents, the scCOz is a
perfect aprotic solvent, this involves the presence of a proton donor in order to achieve
hydrogenated species. Nevertheless, if organic compounds are characterized by a poor
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conductivity, the scCO, shows an even lower applicability under this aspect?.
Additionally, the application of supercritical fluids resulted quite aggressive promoting
the metal corrosion of the electrodes which eventually precipitate as carbonate salt’.

1.3 Electrolyte

Several strategies are used in order to increase carbon dioxide solubility, such as
the type of electrolyte, the working pH, the temperature and the pressure. Moreover,
additional aspects come from the operational working condition and performances. The
electrolyte choice is the easiest approach to tune the CO; solubility. Several organic
solvents show major solubility of carbon dioxide compared to water, creating a more
concentrated environment of such substrate®*,

1.3.1 Organic solvent

Solvents like acetonitrile (ACN) and tetrahydrofuran (THF) show 10 times higher
COz solubility compared to water-based electrolytes (respectively 314 and 313 mmol
L)%, Such characteristic partially benefits the electrolysis but involves some
differences in the catalysis. Due to the aprotic nature of ACN and THF, the PCET
cannot occur during a catalytic process, since no protons are available in case of pure
organic solvent. The most retained intermediate is the CO>~ radical anion, which
requires really negative potential (Table 1), and can produce only carbon monoxide
and oxalate. A common procedure in literature is the employment of mixed solvents
between the aprotic organic ACN/THF with a second protic solvent like water,
methanol (MeOH), organic acids and so on. The conductivity of the organic solvents
is an extremely important limitation since the number of inert salts able to be dissolved
in such solvents is quite narrow. The actually employed are lithium salts having
inorganic counter ions, like the LiClO4, LiPF¢, LiBF4 and Li2SO4, and tetra ammonium
salts having several counter ions, R4N". Common characteristic of these salts is their
modest solubility, which limits the possible current density for the electrolysis. Among
all of them, the tetra ammonium salts stand out for a supposed role as co-catalyst for
CO2RR due to a characteristic ability to stabilize the CO>~ intermediate or to act as a
single electron transfer specie. The main evidence of such propriety is found out in the
production of CO and oxalate with the same electrode comparing the tetra ammonium
salt with the family of lithium salts.?>
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1.3.2 Ionic Liquids

Another approach is the use of ionic liquids (ILs), peculiar salts that are liquid at
temperature below 100 °C and sometimes also at room temperature (RT). ILs are
characterized by a low vapour pressure. Due to their interaction with carbon dioxide,
ILs are considered useful also to the CO2RR. Once dissolved in the electrolyte or used
as solvent itself, the employment of ILs resulted to drastically increase the conductivity
and the COz concentration in the solution?’?%2>30_ Nevertheless, different publications
claim the role of ILs is not limited to the increased CO> solubility rather than to work
as co-catalyst stabilizing the CO;~ radical anion; in a similar way to the tetra
ammonium salt employed with organic solvent. At the time of the writing, despite the
peculiarity of such salts, their application resulted limited, due to their price, their
viscosity as pure solvent and the competition with other electrochemical setup, later
illustrated, that overcome their benefits.

1.4 pH

Regarding the CO> solubility in CO2RR the most important parameter is probably
the bulk solution pH. As we can see in the water-carbon dioxide Pourbaix diagram
(Figure 3), the competition between CO2RR and HER is strictly related to the pH of
the solution. As the pH increases in value, also the required potential for the HER
increases (red line). This is well explained by the Nernst equation in which a lower
concentration of protons inevitably favours the CO2RR (eq. 1).

RT aRed
E=E°——=x|[n
zF aOx

Equation 1

Where the concentration of H" are present in the numerator of the logarithmic part
(aRed).

At low pH the HER is thus favored thanks to the minor required potential,
moreover the hydrogenated reduced carbon dioxide products become favorable. This
is true until the pH gets lower than 4 and CO production becomes thermodynamically
favored. Since a high pH resulted in a major required potential for HER, is seems to be
convenient to work in such conditions in order to optimize the CO2RR. Unfortunately
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this is only partially true because, from the CO> solubility diagram (Figure 2), at pH >
9 the presence of dissolved carbon dioxide reaches zero and only inorganic carbon
HCO;/COs* is present.
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Figure 3: Water-carbon dioxide Pourbaix diagram.

We have seen the chemical composition in which the CO is present in the
solution is strictly correlated to the pH; nevertheless, the latter is not a fixed parameter
in the time, but it is rather perturbed by the electrolysis itself. Once a bias is imposed
on an electrochemical system, inside the solution different regions appear according to
the distance from the electrodes. Two main regions can be found: the Stern layer and
the diffuse layer. The Stern layer is the region of electrolyte closest to the electrode and
can be further divided in the Inner Helmholtz Plane (IHP) and the Outer Helmholtz
Plane (OHP). In the former, the ions are adsorbed on the electrode surface, promoted
by charge and chemical interaction, and grows parallel to the applied bias. In the latter
hydrated ions and not adsorbed water molecules are present and free to move®! (Figure
4). Different mathematical models describe the presence of the so-called double layer
capacitance due to the presence of actual adsorbed ions and hydrated ones. External to
the Stern level there is the diffuse layer having a larger size compared to the former.
This layer directly confines with the bulk electrolyte of the entire cell. The reactants
mass transport limit is indeed defined as the energy barrier that a substrate must win to
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move from the diffuse layer to the Stern one. The mass transport limit is actually the
main limitation of all the electrochemical processes.

Bulk electrolyte

d !
Stern layer Diffuse layer

Figure 4: Classical mean-field description of the electrical double layer based on the Gouy—Chapman— Stern
model. Are reported the inner Helmholtz plane (IHP) and the outer Helmholtz plane (OHP) forming the
Stern layer, externally the diffuse layer. Reproduced with permission from ref. 31, Copyright © 2021,
Springer Nature Limited.

The correlation between the activity and pH is evidenced locally on the IHP.
As long the H" and CO; reduction proceed in the Stern layer, also the OH" anions are
produced, as previously reported (Table 1), rising the pH in the HIP respect to the
current density of the electrolysis. There is an intrinsic limit current density possible
for the CO2RR due to the extreme local basic pH formed that would reduce the CO-
solubility near the electrode. Indeed, the OH™ ions would react with CO; to form HCO3"
/COs%, not reducible chemical species. Generally, we can affirm that a change of the
surface pH, respect to bulk pH, happens when the consumption rate of local protons
exceeds the mass transport of the protons from the bulk solution®2. Such aspect remarks
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how much the pH governs the overall catalysis and circularly, the catalysis perturbs the
pH itself.

1.5 Membrane

The membranes are intrinsically connected to the electrochemical setup (1.6) and
their development has a common route. Chambers separation is the main role of
membranes, nevertheless ions permeability is an essential prerequisite in order to
guarantee a close circuit of the cell. The electric fields push the ions towards the
opposite electrodes during an electrolysis process. The membranes prevent from
electrolytes mixing while allowing ions permeability. For electrocatalytic studies
carried out in organic solvent, common ionomers are not compatible, for stability
problem in specific solvents and for their necessity to be hydrated. The common
membranes require a good grade of hydration to be performant, using organic solvent
the amount of water inevitably would decrease for gradient transport inside the
electrolyte.

1.5.1 Glass frit

The choice of porous glass frit is the common solution for organic solvents. They
do not totally prevent liquid mixing, permitting a partial contact between the two
solutions inside the porous channel of the glass matrix*. The two solution have only a
diffusion-limited contact which permits the ions exchange. Porous glass frits are
versatile but not well performing, they introduce a really high resistance in the cell,
which makes them accessible only for elementary studies and not for actual
applications.

1.5.2 Cationic Exchange membrane (CEM)

Solid ionomer membranes are a more consolidated choice used to completely
separate working and counter electrodes in aqueous-based electrolytes. These
membranes are classified according to the type of permeable ions: cationic exchange
membranes (CEM), anionic exchange membranes (AEM) and bipolar exchange
membranes (BPM). The CEM are ionomers in which cations can migrated inside the
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membrane, blocking neutral and negative compounds. A subclass of the CEM is the
protonic exchange membranes (PEM) able to exchange only protons. In Figure Sa is
reported a schematic representation of a Nafion membrane, the most known and
employed PEM, based on a tetrafluoroethylene unit having pendant sulfonic groups (-
SOs;H)*.

a)
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v

b)
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Figure 5: a) Nafion membrane proton transfer mechanism. B) Two examples of Anionic exchange membrane.
Reproduced with permission from ref. 34. Copyright © 2005, The Royal Society of Chemistry.

These chemical groups, represented as circles, can exchange protons one to another
under a bias and gradient concentration, making possible their transfer in the two
electrolytes. PEMs are extensively used in fuel cell application in which they have
reached a great optimization. In the CO2RR literature instead, PEMs have still several
limitations. Being able to promote protons migration from anode to cathode they
accelerate the competitive HER?®. The optimal ionic conduction for PEMs is in acidic
environment, a challenging condition for usual CO2RR. Nevertheless, recent studies
performed by Sergeant et al. showed how at extremely high current density (> 1 A cm’
2) the intense local OH™ production near the first layer of the electrode induces a
neutral/basic pH, a favourable condition for the CO2RR, this even if the bulk electrolyte
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is actually characterized by an overall low pH*2. This is the optimized condition in
order to have protonated products likes CH4. PEM results advantageous in case of
formate and oxalate production. Due to the anionic nature of these reduced products,
their impossibility to migrate and get re-oxidize in the anode is of great interest.

1.5.3 Anionic exchange membrane (AEM)

In the case of AEM conductive mechanism is specular exploiting cationic ionomer
to attract the anions, e.g. Sustanion™ membranes, a polystyrene polymer having
imidazolate functionalities, interact with anions thanks to the aromatic positively
charged present in the ionomer, Figure 5b. The AEMs are considered the benchmark
membranes employed in flow cell configuration once coupled with basic electrolytes,
which drastically reduce the HER minimizing protons concentration and avoiding their
migration from anode to cathode®®. Nevertheless, compared to PEMs, AEMs still show
low conductivity and selectivity. Many anionic species can permeate the membrane,
including HCO3™ and COs*, causing crossover. Moreover, HCOs™ and CO3? anions are
characterized by a lower flow rate compared to the OH™ and cause aggregation of bulky
anions on membrane, preventing further migration of OH™ in the anodic compartment
where the OH™ accumulation involves further production of carbonates, in a circular
deterioration spiral.

1.5.4 Bipolar Membrane (BPM)

The integration of a cathodic exchange layer (CEL) and an anodic exchange layer
(AEL) in a shared Interfacial Layer (IL), or bipolar junction, generates the Bipolar
Membrane (BPM). BPMs do not let ions permeate across the membrane, they perform
a disproportion reaction in which water is converted into H* and OH" or viceversa*®.
Such reaction is different from the one normally occurring at the electrode since no gas
evolution occurs. The BPM can work with two different configurations®® as
schematized in Figure 6. The Reverse Bias configuration is reported in Figure 6a, the
CEL faces the cathode and the AEL faces the anode, as a consequence, the ions
produced in the two chambers cannot migrate through their respecting layers. In order
to balance the charge, water disproportion into H" and OH™ occurs inside the IL
(requiring +0.8 V of bias) and the ions migrate the opportune layers. Membrane
hydration is required to maintain the disproportion®®. A different configuration,
denoted as Forward Bias, faces the AEL to the cathode and the CEL to the anode,
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Figure 6b. In this scheme, the OH™ produced at the cathode will permit the AEL
reaching the IL, analogously the H" produced at the anode will permeate the CEL
recombining with the counter ion producing water. The two configurations have
different behaviours. In the Forward bias the ions converge in the IL showing low
resistance, in the Reverse Bias it is necessary a bias involving high resistance with a
drastically current rise once H" and OH are produced. The main used BPM is
composed of a polystyrene polymer which is functionalized on both the CEM and AEM
layers. For CEM, the sulfonic group is the main choice®’, nevertheless some formulas
having the phosphonic and carboxylic groups are known. Polystyrene is not the only
support used for CEM, compositions based on phenylene oxide®®, sodium alginate,
modified chitosan®’, polyvinyl chloride*' and polyether ether ketone** are known. For
the AEL the typical functionalization is based on quaternary ammonium on the
polystyrene matrix®, further efforts lead to the fabrication with ternary/secondary
amines and several diamine. Moreover, different matrixes for AEL are the polysulfone,
polyvinylidene fluoride (PVDF) and several co-polymers.
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Figure 6: Schematic representation of a bipolar membrane. A) under reverse bias and b) forward bias.
Reproduced with permission from ref. 36, Copyrights © 2020, Elsevier.

1.6 Electrochemical setup

Many variables define the CO; reduction: the thermodynamic, the CO; solubility,
the mass transport limitation, and so on. In order to optimize the CO2RR considering
all these aspects an engineering optimization of the electrolyzer is required. Many
possible setup configurations were already studied, and further research is still on
going. In order to have a preliminary commercial technology for the CO2RR
electrolyzer, several requirements must be satisfied: current density > 200 mA cm?,
high selectivity of faradaic efficiency (FE) > 80%, restrained cell potential < 3V and
extended working operation time of months/years*. All these aspects are actually not
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matched at the same time in any existing setup. Nevertheless it is expected that further
contributes would be implemented in the next future in terms of CO> conversion rate
and energy efficiency of the technology®. An ideal electrochemical scheme would
work avoiding pure CO», in order to contain the upstream CO; capture cost*®*’,
moreover should be able to completely convert the CO furnished. However, the actual
literature suggests the major FE values are obtained using concentrated CO> gas stream,
lowering the overall carbon conversion in the process*®**4%°_ The setup must be able
to minimize the mass transport limitation of the substrate of interest and a proper
control of the pH must be guaranteed since a low pH would favour the HER and a high
one would reduce the carbon dioxide available. The main known electrochemical
configurations are reported below with a detailed analysis of benefits and
disadvantages.

1.6.1 Close cell setup

It is the easiest configuration and is mainly employed in the elementary studies. In
this scheme, the anode and cathode are immersed in a common electrolyte. The cell is
refilled with saturated electrolyte previously purged with CO,. The electrolysis is
performed for a fixed short time, gas composition and the electrolyte are analysed only
at the end of the test to quantify the products. This configuration has many limits: cross
reaction of products occurs between the electrodes, so reduced products can be re-
oxidized, the amount of gas dissolved in the electrolyte is not renewed limiting the CO-
availability along the time, the electrolyte composition changes during the time in case
of liquid products. This setup results to be quite rudimental and is commonly reported
for elementary studies.

1.6.2 Batch cell setup

This configuration, commonly reported as H-cell electrolyzer due to the classic
form of the cell (Figure 7a), introduces the benefit of electrode separation through an
ions exchange membrane between the chambers (membranes and frit glass separator
will be detailed in the next session). The membrane reduces the cross-reaction problem,
except for permeable ionic products, and renew the dissolved CO; through a continuous
gas flow inside the solution, which further guarantees a higher current density and
faradic efficiency. Such open setup permits also the ongoing gas products monitoring
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by gas-chromatography (GC). Several limitations are still present in this configuration,
due to the low solubility of CO.. Indeed, even considering a stationary saturated
solution, the limiting achievable current density is still lower than 20 mA cm™.
Nevertheless, requiring a reference electrode, inevitably placed at high distance, a
further Ohmic contribute limits the applied voltage. Being the batch cell the most
studied configuration, several optimizations able to increase the setup performances
are present in literature. The electrolyte composition is the main contribute studied for
the optimization. Highly buffer electrolytes are utilized in order to decrease the
competitive HER and increase the CO; solubility. The employment of ionic liquids
(Ils), as pure electrolytes or additives, shows modest benefits. Optimized batch cell
configuration introduces the possibility to work at higher pressure and lower
temperature, which improves the CO; solubility. Nevertheless, once taking in the
consideration the current density performances, such improvements result to be
marginal since the CO2 mass transfer from the bulk solution to the electrode is not
improved.

1.6.3 Flow cell electrolyzer

A great improvement in CO2RR was the introduction of flow cell configuration
built around the innovation of gas diffusion layer (GDL) beside the catalyst. GDL
brings to the CO» electrocatalysis a great improvement, making the current collector
both hydrophobic and gas permeable. In this way, the cathodic reaction switches from
being only a mere liquid phase reduction counting only dissolved COz, to the reduction
of CO; both in liquid and gas phases (Figure 7b). The hydrophobic layer inside the
GDL inhibits the electrolyte flow across the electrode while the porous layer makes
possible CO2 back flow the electrode, drastically reducing the mass transport
limitation. The GDL introduction, tremendously extends the performances of the
CO3RR allowing current density over 200 mA cm™. This is possible without lowering
the selectivity since the CO» reservoir it is not restricted to the one solubilized in the
electrolyte but it comes directly as gas phase. Moreover, the flow electrolyzer
commonly benefits to the circulation of the electrolyte, making it possible to operate
with highly concentrated electrolytes. Indeed, the latter guarantees higher current
densities, reduces the Ohmic resistance and limits the HER in favour of CO2RR. The
most optimized flow cell electrolyzer configuration uses concentrated KOH solution,
from 1 M to extremely basic 12 M, in order to eradicate the HER and register extremely
high current densities. However basic solutions have a controversial role: they reduce
the HER limiting the H" concentration although also increasing the CO; loss due to its
reaction with the hydroxide. For every 2e” paired electrons transfer related to CO2RR,
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one hydroxide anion is formed and reacts with a second CO». This involves that only a
50% of CO; utilization efficiency for CORR! as reported in the following:

COz + H,0 +2¢" > CO + 20H
20H (aq) + CO2 = CO3%aq) + H20 Equation 3

A high conversion rate would correspond to bicarbonate crystals precipitation.
The employment of humidified CO- stream is a common procedure in order to reduce
such problem. The benefits of a basic electrolyte push the preparation of AEM for flow
reactors. Such membranes guarantee better performances in terms of resistance and
consequent current density at high pH, nevertheless they implicate a further loss of CO-
utilization efficiency being anion permeable. The carbonate/bicarbonate formed from
hydroxide reaction can indeed permeate the membrane reaching the anodic
compartment in which they will be reconverted in gaseous CO> once reacting with
protons, lowering the cathodic amount available:

CO}Z-(cathode) -> CO32-(anode)
H2O > O, +4H" + 4¢
COs* +2H" = H,CO3 = COz + H20 Equation 4

In order to decrease the so called “CO- crossover”, CO2RR in high acidic media
flow reactor was also tested with current density major of 1 A cm™, reaching 50% of
FE for mixture of C+ products and operating cell voltage of 4.2 V. Indeed, at such high
current density, the local hydroxide production on the electrode surface switches the
pH from acid to neutral and even basic values. Locally on the electrode the HER is
prevented meanwhile the bulk pH guarantees the carbonate depletion before reaching
the crossover®>. Flow reactors were deeply studied also for other fundamental aspects
concerning the GDE. Thinner GDE seems to guarantee a higher CO» concentration
near the catalyst, suppressing more efficiently the HER>>*. Moreover, they promote
single carbon reduced products (Ci) rather than larger carbon chain (C»+) thanks to the
competition in the binding sites between COz and CO. On the other hand, thicker
electrodes involve a major permanence time of the chemical species. This is translated
in a major permanence time for CO that can promote Cz+ products, instead higher OH"
dually lowers the HER and CO: availability. The polymer additive employed in the
electrode fabrication has shown to increase the gas permeability and consequently the
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CO2 mass transport>*>!** Jonomer additives alter the hydrophobicity of the electrode
which is translated in a more effective bubble removal on catalyst surface. The
presence of a gas phase limits the accessible area of the electrode with a consequent
energy losses of the 20% for industrial electrolyzer>. Last parameter is the electrode
wettability. The electrodes require hydration to guarantee the ionic conductivity,
avoiding the catalyst deactivation. Wettability of the electrode increases under
potential®*>” becoming more hydrated and unbalancing the three-phase system in

d58,59

which solid, liquid and gas phases are combine In order to introduce

hydrophobicity on the GDL, polytetrafluoroethylene (PTFE) deposition is the common
procedure. The PTFE amount is a critical aspect, parallel to the hydrophobicity, also
the electrical resistance® and the electrode fabrication cost increases with its
introduction®!.

At the time of writing, the energy efficiency of flow-cell electrolyzer can reach
the 20%°, which is still low and overestimated since all the calculations are commonly
iR compensated and the oxygen evolution reaction overpotential is approximated to
zero®%* Moreover, the actual scale up of this configuration shows some limitations
regarding the high amount of electrolyte involved and its regeneration.

1.6.4 Zero-gap electrolyzer

Commonly reported as membrane electrode assembly cell (MEA-cell) or
improperly fuel-cell-like®, since is the typical configuration used in the fuel cell
application, this configuration has the peculiarity to work without the catholyte, having
the catalysts layer separated just by the membrane. Indeed, the name zero-gap comes
from the proximity of the cathode to the membrane, of few micrometers, and to the
anode, of few millimeters, which improves the setup performances reducing the Ohmic
resistance (Figure 7c) and the resulting operating voltage. To reduce to the micrometer
scale the distance between cathode and membrane, a mechanical contact induced by
high pressure and temperature is applied to them®®. Several combinations of
temperature, pressure and time result in different performances which are also
connected to the nature of the membrane®’. Such close contact led to the configuration
in which the electrolyte on the cathode compartments is absent using only gaseous CO»
as substrate and receiving ions from the membrane. In the anode compartment instead,
the electrolyte is often preserved. Typical highly conductive electrolytes, like the



Introduction and state of the art

hydroxides KOH and CsOH, are employed, less frequently carbonate salt KHCO3 and
CsHCOg are utilized. The first investigation of CO2RR with zero-gap configuration
used the PEM fuel-cell scheme. Here a Nafion proton exchange membrane was placed
between the electrodes. This configuration for CO2RR cannot guarantee the same
performances as the fuel cell application, due to the intrinsic evolution of HER during
the exchange of protons directly on the GDE of the cathode®®%*7°. Nevertheless, there
are still studies in which this membrane are applied with zero-gap configuration in
order to reach possible hydrogenated products of interest®®, when liquid anionic
products are obtained (HCOQO") and also supporting the system with solid electrolytes.

The larger part of the literature employs AEM in CO>RR with zero-gap
configuration. Even if more versatile regarding the promotion of CO2RR, they are not
free of any drawback. Indeed, like in the microfluidic setups, parts of the CO» will react
to produce CO3% anions able to permeate the AEM. Moreover, there is a problem of
cations migration from the anode to the cathode. This migration led to the local
precipitation of carbonate salts, both inside and on the surface of the GDE, which
lowers the active surface of the electrode mining the operational performances®. The
regeneration of the electrode is possible only on the surface with the passage of pure
water, but it is more complicated for the residual salt removal inside the electrode. In
order to extend the operational time of work, humidified CO; can also be used at cost
of lowering the performance of the cell®. Working with diluted anolyte can prolong
the lifetime of salts precipitation but does not deny it.
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Figure 7: Electrochemical setups for the conversion of COz. A) Batch cell, b) Flow cell and ¢) Zero-gap
configuration. Reproduced with permission from ref. 66. Copyright © 2021, Acta Physico Chimico Sinica.
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A more complex configuration of zero-gap electrolyzer would implement a further
element: the solid-state electrolytes (SSE). The introduction of such components can
be useful to concentrate the liquid products and removing the liquid phase in the anode.
Several schemes are reported in literature employing SSE combined with the presence
of both a cationic CEM and an AEM facing respectively the anode and cathode. A first
example is the one reported in Figure 8a, SSE is placed at the center of the scheme
between the CEM and AEM. Here the HCOO™ coming from the cathode encounters the
H' coming from the anode; the resulting HCOOH is being concentrated and flow away
by a N> stream or diluted with a water flow which characterizes the final concentration
of the chemical. Higher FEs for liquid products are achieved at higher amount of water,
at expanse of the final product concentration. This method was indeed optimized for
the HCOOH production on a Bi nanosheet catalyst on the cathode. The highest FEs
exceedes 95% with a current densities of 50 mA cm 2. Instead the highest concentration
of HCCOH, 12 M product solution, was reached with a drastic decrease of selectivity
to a value of 40%’!. The introduction of a second membrane and a SSE inevitably
involves a major operating voltage for the cell, which requires values major of 3 V;
nevertheless the SSE introduction leads to more stable electrolysis processes. Indeed,
with a superior configuration reported in Figure 8b, the same electrocatalysis was able
to reach 150 mA cm and operating work of more than 20h’!. In such configuration an
AEM and CEM membranes are facing the cathode and anode, next to both membranes
are collocated two different SSE, one cationic conductive and the other anionic
conductive, which are separated by a BPM. With this approach, concentrated HCOOH
and KOH are obtained.
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Figure 8: Zero-gap configuration variations. Reproduced with permission from ref. 71. Copyright ©
2019, Springer Nature.
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The implementation of SSE can lead to the elimination of the electrolyte phase
in the anolyte and guarantee the concentration of liquid products on the system’2. This
approach is more similar to PEM-Fuel Cell, in which no liquid electrolyte is present.
Nevertheless, it seems that the presence of a liquid electrolyte can guarantee better
performances once we switch to gaseous products rather than liquid one®.

The working temperature is also a parameter that can greatly influence the zero-
gap electrolyzer performances. If in the flow cell setup, higher temperature means
lower solubility of CO», in the case of zero-gap configuration that cannot happen since
the cathode’s electrolyte is missing. There is anyway a correlation between working
temperature and required voltage for zero-gap electrolyzer. As illustrated in Figure 9,
in a zero-gap electrolyzer having gold nanoparticles at the cathode working at a stable
current density of 0.1 A cm™, as the temperature increases the operating voltage
decrease”. This is due to better kinetic reactions rate at higher temperature;
nevertheless, the FE for the CO shows a drastic decrease, since it is the thermodynamic
favorite product compared to HER.

The zero-gap configuration is promising compared to the previous setup or in
general compared to the microfluidic systems, however the partial/total absence of the
electrolyte is the main limitation in terms of performances. It is believed that the
presence of cations adsorbed in front of the cathode induces an increase in current
density’*. In the zero-gap configuration, being the anolyte a hydroxide solution, there
1s an activation time in which cations reach the GDE in the cathode and make it possible
a current increase®,

Once the products purification is taken into consideration, the promising
scheme of zero-gap electrolyzer seems to be dominant. Nevertheless, the actual
performances of such electrolyzer are still lower compared to the flow cell one. In a
comparative study’!, a bismuth nanoparticles catalyst tested in a flow cell shows a great
selectivity of 97% once the potential is pushed at more negative potential than -0.8 V
vs RHE. Fixing a current density of 0.50 A cm™ in a 1 M KHCOs electrolyte, a FE for
formate reaches 92% of selectivity for the flow cell. In the case of zero-gap
electrolyzer, a smaller current density of 0.42 A cm™ was reached with only 80% of
FE. In general, there are a lot of differences which make difficult to compare the two
systems in terms of performances. Generally can be compared for the selectivity of a
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desired product fixing the current density, in case of mono chamber, or the applied
voltage, for the complete cell.
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Figure 9: The zero-gap electrolyzer working at different temperatures. Reported cell voltage (blue line) and
CO selectivity (red line) at a constant current density of 0.1 A cm™. Reproduced with permission from ref.
73. Copyright © 2019, RSC Publishing.

1.7 CO:2RR Catalyst

In the previous part, the electrochemical conversion of CO; was analysed under
several aspects. The importance of CO> solubility and its interconnection with different
contributions like pH, nature of the solvent, physical variables such as temperature and
pressure were underlined. Different technological strategies to mitigate these aspects
were introduced in the form of possible electrolyzer setups and the consequent
membrane coupling. Nevertheless, in this discussion the role of the catalyst was
intentionally omitted.

Discussion of the catalysts known to perform the CO>RR open a wide new
dissertation. Indeed, once we consider the cathodic reaction, different energy barriers
appear both for the HER and CO,RR depending on the catalyst choice. A wide variety
of catalysts known to perform such reaction exists and their comparison is quite hard.
As discussed in the previous sessions, the performances regarding the CO2RR are not
merely restricted to the chemical composition of the cathode, thus to the catalysis, but
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also due to all the operative working conditions and the cell configuration employed.
This makes difficult to compare different catalysts unless all the other variables
coincide.

Narrowing down to heterogeneous catalysts, being the only one showing possible
industrial application, the metal/metalloid atoms of the IIIA and IVA groups are known
to be selective for CO2RR in favour of HCOO'. This peculiar selectivity does not come
from a major affinity towards the CO», rather than an actual overpotential for the
HER”. Catalysts based on Au’S, Ag’’, Pd’®, Zn" particles are known to be selective
for the CO production at different conditions, instead only copper-based catalysts seem
to be able to coordinate CO without releasing and thus proceeding in its reduction to
more complex products likes CHs, CH;OH, EtOH, BuOH, C2H4 and so on®*%!. Metal
and metal oxide particles (Figure 10a) as a wide class of materials, characterized by
different sizes from micro to nanoscale, through different and variegated morphologies,
are considered the benchmark catalysts for the electrochemical reduction of CO».

Different approaches try to disassemble the idea of catalyst as metal cluster
agglomeration and point towards materials bearing single metal active sites. The best
example of this strategy is the one of the Me-N-C materials (Figure 10b). Characterized
by a graphitic carbon material reminding the structure of the graphene, they are rich of
nitrogen atoms in form of pyridinic, pyrollic, quaternary-N amine and pyridine-N-
oxide. Part of these chemical groups are responsible of single metal cations
coordination, eventually incorporating these atoms inside the carbon support. These
materials are promising for their low employment of metal atoms and the organic
support can be prepared through organic waste treatment. In terms of catalysis, at the
time of writing, they result able to produce only CO bearing cheap metals like Mn, Co,
Cu, Zn, Ni and Fe®?. Among them, Ni-N-C resulted highly selective for CO production
at several potentials, instead the Fe-N-C is the one requiring the lowest potential in
order to reach a modest CO selectivity.

A further approach more similar to homogeneous catalysis, is the employment of
Metal Organic Framework (MOF) and Covalent Organic Framework (COF) as
catalysts for CO2RR (Figure 10c). Indeed, single metal atoms, commonly in form of
cations, are stabilized by organic ligands in an ordered and periodic structures. This
class of compounds is less studied compared to Me-N-C, nevertheless some peculiar
results are present. Several COFs incorporating metal porphyrins are known to be
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active catalyst for the production of CO with high faradaic efficiency®>%48586 and also

the case of a Cu?" based MOF able to produce CHa at high selectivity 8. For this class
of compounds, the main limitation is on the active species characterization, since the
operando techniques under potential are not actually spread and ex situ investigations
of the catalyst are commonly avoided. The metal organic compound is often considered
the true-catalyst even though cations reduction and metal agglomeration can easily
occur several times, hiding the nature of the real active site.
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Figure 10: Different type of heterogeneous catalysts. a) single atom, cluster and nano particles, b) Me-N-C
catalysts ad ¢) MOF and COF representations.

During my PhD several attempts to prepare single metal catalysts were performed,
charactering and testing them for the electrochemical conversion of CO. Such
investigation was conducted in parallel with the electrochemical setup engineering that
could drastically enhances the performances. In the next chapters, four different classes
of materials were investigated.
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Chapter 2

Experimental Procedures

In this chapter, all the analytical technique employed during the experiments will
be reported in details. The techniques are divided in two separated groups: the
chemical/physical and the electrochemical characterizations.

2.1 Chemical and physical analysis

All the studied catalysts required the combinations of several techniques in order
to understand the chemical composition of the main support, typically organic, and
additionally specific ones for the active site characterization.

2.1.1 Attenuated Total Reflectance Fourier Transform Infrared
spectroscopy (ATR-FT-IR)

Infrared spectroscopy is an essential analytical technique necessary for the
characterization of organic compounds and several inorganic ones. The ATR analysis
was performed on a Bruker Tensor II in attenuated total reflectance configuration, in
which the sample powder was placed directly on the ATR crystal without any further
preparation and then collecting the spectra. Powder samples need to be preferentially
dried in order to avoid extended bands due to the water absorption. Through the
infrared spectroscopy, several chemical groups were identified, assessing the correct
synthesis of the samples. ATR spectroscopy does not furnishes quantitative
information, rather than gives detailed qualitative information of specific bonds present
in the sample, drastically helping in the characterization of the compound.
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2.1.2 UV-Vis spectroscopy and Diffuse Reflectance Measurement

UV-Vis spectroscopy is a versatile technique applied for several samples; the main
requisite is the sample absorption in the region of the visible-ultraviolet. The
spectroscopy was employed with two different configurations on a LAMBDA™ 650
S spectrometer. For soluble catalysts the spectra was recorded in the absorption mode,
in which the powder was dissolved in a proper organic solvent. For our studies N-
Methyl-2-pyrrolidone (NMP) was commonly employed. The absorption of the catalyst
dissolved subtracted by the blank (NMP itself) was measured. The catalysts were
prepared simply by solubilization and dilution at the concentration necessary to not
have saturated spectra. The main catalysts studied are heterogeneous solid compounds
difficult to be solubilize without losing information and damaging the material. For
such compounds, the diffuse reflectance measurement was employed instead. In this
configuration the detector does not register the spectrum that has partially absorbed by
the sample, rather the reflected light by an opaque solid sample once it is being
illuminated. With the reflectance configuration, catalyst powder must be prepared as a
flat surface to be irradiated; the common procedure employed was the pressing of the
powder in form of pallet or alternatively a drop casting filming on a PTFE support.

2.1.3 Powder X-Ray Diffraction (XRD)

XRD analysis was abundantly employed in order to investigate the possible
crystallinity of samples and also for their ex situ characterization after their electrolysis
performance. Indeed, several compounds bear active sites formed by single metal
cations. An ex situ analysis aims to identify the possible clustering of metal
nanoparticles caused by the electrolysis process. The diffraction pattern was recorded
in Bragg-Brentano symmetric geometry by using a PANalyti-cal X Pert Pro instrument
(Cu-Ka radiation, 40 kV and 30 mA) equipped with an X’Celerator detector. Dried
powder was collected and placed on the top of the sample holder making a flat and
homogeneous deposition on it previously the measurement.

2.1.4 X-Ray Photoelectron Spectroscopy (XPS)

XPS analysis furnishes elementary analysis of the sample and gives further details
about the chemical composition of metal atom sites other than for the organic
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counterpart. Parallel to the XRD investigation, also the XPS resulted essential for the
ex-situ investigation after the electrochemical test. X-Ray spectroscopy was performed
on a PHI 5000 Versaprobe spectrometer (Physical Electronics), equipped with
monochromatic Al K-alpha X-ray source (1486.6 e¢V). Surface charge compensation
was obtained with a combined system, based on an electron gun and Ar" ion gun.
Survey and high resolution (HR) spectra were acquired using pass energy (PE) values
of 187.85 and 23.50 eV, respectively. The calibration of the binding energy (BE) scale
was obtained by setting the C-C component of the C1s region to 284.6 eV. Casa XPS
software was used for the analysis of the experimental data. The Shirley background
function was subtracted from HR spectra to remove the background signal.

2.1.5 Field-Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM imaging investigation was employed in order to visualize the three-
dimensional morphologies of the samples collected, the homogeneity of the prepared
electrodes and to characterize ex-situ the catalysts to search possible metal and metal
oxide nanoparticles. The images were recorded on a ZEISS Supra 40 FESEM with the
following configuration: SE2 detector for secondary-electron imaging, BSE detector
for back-scattered electron imaging, Si(Li) Oxford Instruments detector for Energy-
Dispersive X-ray (EDX) Spectroscopy. In details, the SE2 detector was deeply
employed in order to detect metal atoms having a heavy Z number and easily identify
metal atoms clusters. EDX-mapping introduce further information regarding the
homogeneity of the metal active site dispersion on the catalysts.

2.1.6 Brunauer—-Emmett-Teller surface analysis (BET)

BET analysis was performed on crystalline catalysts showing high internal
surfaces. The specific surface area and the macro/micropore volume/area of the crystals
were measured using a Micromeritics gas adsorption analyzer ASAP 2020 Plus 2.00
instrument equipped with commercial software for calculation and analysis. The BET
surface area was calculated from the adsorption isotherms using the standard
Brunauer-Emmett-Teller (BET) equation. The mesopore and micropore volume was
obtained using a BJH plot.
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2.1.7 Thermo-Gravimetric and Evolved Gas Analyses (TGA-EGA)

TGA were carried out on a Netzsch TG 209 F1 Libra while EGA was conducted
by means of a Bruker Tensor Il infrared spectrophotometer equipped with vapour phase
accessory heated at 220 °C and DTGS detector. The two instruments were coupled by
a heated (220 °C) gas transfer line. About 10 mg of sample were placed in an alumina
pan and heated up to 800°C in nitrogen flow (40 ml min™') followed by an 15 minutes
long isotherm.

2.2 Electrochemical Analysis

Under the voice of electrochemical analyses are include all the characterization
techniques necessary to investigate the catalyst behaviour under a bias and additionally
the instruments necessary during electrolysis experiment building the electrochemical
setup.

2.2.1 Cyclic Voltammetry (CV)

CV technique is considered one of the fundamental analysis regarding the
electrochemical studies relate to the electrocatalysts. It can furnish detailed information
about stability and reaction mechanism for homogeneous catalysts, i.e. dissolved in the
electrolyte, and minor information about the selectivity between HER and CO2RR for
heterogeneous one. In a classic experimental configuration of the latter, the electrolyte
solution is purged with N2/Ar flow in order to completely remove any trace of dissolved
CO2 in the electrolyte. In such electrolyte, a scanning potential is plotted against the
current for the electrode bearing the catalyst of interest and the same procedure is then
repeated once reached a complete saturation of CO; inside the electrolyte. From a
mechanism point of view, from CV it is possible to reveal the oxidation/reduction of
active species inside the solution, their reversibility and possible change once the CO»
is introduced in the system. Regarding the selectivity, the two currents are than
superimposed and analysed.

In case of aqueous electrolyte, the potential should be reported versus the Reverse
Hydrogen Electrode (RHE) since the dissolution of CO; in water involves carbonic
acid production which lowers the pH. The variation of the pH causes a more difficult
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interpretation of the voltammograms, since HER and CO>RR are competing reaction,
is quite common to register higher current densities in CO; saturated solution rather
than in N»/Ar, caused by a major protons concentration and consequent HER rate. CV
technique can furnish important information regarding the potential necessary to the
catalysis and discriminate the regions in which the major difference among the two
atmospheres became relevant. Such electrochemical characterization was performed in
a three-electrode H-type cell at room temperature with a Metrohm Multi Autolab/M 101
potentiostat. As working electrode was used a catalyst-coated carbon paper with a small
geometric area of 0.15 cm?. A Pt wire was used as counter electrode and an Ag/AgCl
(3 M NaCl) was used as reference electrode in the experiment. A membrane (Nafion™
Membrane N117, Sigma-Aldrich) was employed to separate the cathodic and anodic
compartments. CV measurements were generally performed from +0.5 to -1.2 V vs
Reversible Hydrogen Electrode (RHE) at a scan rate of 10 mV s in N»- and CO»-
saturated solution flowing the proper gas at 5 mL min™ in a 0.1 M KHCO3 aqueous
solution.

2.2.2 Electrochemical Impedance Spectroscopy (EIS)

The electrochemical characterization was performed in a three-electrode H-type
cell at room temperature with the same setup employed for the CV, both the cell and
the potentiostat. To determine the double-layer capacitance of the electrode, several
CV were executed in a potential range in which no reactions occur at scan rates of 2
mV s 5mVs!, 10mVs! 25mVs! 50 mV st 75 mV s! and 100 mV s always
under a Na-saturated atmosphere in 0.1 M KHCO; aqueous solution. EIS
measurements were performed at various potentials, typically from -0.19 V to -0.99 V,
with an AC signal of 10 mV of amplitude and 1 - 105 Hz frequency range in N2- and
COs-saturated 0.1 M KHCO3 aqueous solutions.

2.2.3 Chronoamperometry (CA) and electrochemical setup

The chronoamperometry (CA) is the heart of the electrochemical analysis. Indeed,
applying a bias to the working electrode of interest and tracking parallelly the products
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and the current density along the time, we are able to completely characterize the
possible CO2RR of each catalyst.

The overall electrochemical setup follows the scheme reported in Figure 11. The
actual scheme falls into the category of microfluidic flow cell where the prefix micro
stands for the reduced dimension of the plates and flows involved on a lab scale. In this
setup, two different reservoirs were employed with different combination of KHCO3
solutions, from the lowest of 0.05 M to higher concentration of 2 M. All the studies
exploit continuous flows of pure CO; in both the cathode and anode chambers, in the
case of the former, the flows do not pass directly through the solution rather than the
back of a GDE as a characteristic of the flow cell. The electrochemical setup is
composed of a CHI 760D (CH Instruments, Inc.) potentiostat in a customized two-
compartment cell (ElectroCell™) with a proton exchange membrane (Nafion
Membrane N117, Ion Power) or an anionic exchange membrane (Sustanion X37 from
DioxideMaterials or Fumasep FAA-3-PK-130).

Both cathodic and anodic compartments are refilled continuously with two
separated reservoirs of electrolyte through the employment of a mechanical pump. The
usual flow is set at 2 mL min!. A catalyst-coated carbon paper (GDL28 SIGRACET
28BC, SGL Technologies) of 1.5 cm? was used as the working electrode whereas a 4
cm? Pt foil is the chosen counter electrode, an Ag/AgCl (I mm, leak-free LF-1)
electrode is used as reference electrode. Gas-phase products were analyzed on-line by
a micro gas chromatograph (LGC, Fusion®, INFICON) placed directly in the outgoing
channel of the microfluidic cell.

The GC is equipped with two separated channels mounting a 10 m Rt-Molsieve
S5A column and an 8§ m Rt-Q-Bond column and two micro thermal conductivity
detectors (micro-TCD) at the end of each column. The inlet of the pGC equipment was
connected to the cathodic side of the electrochemical cell through a GENIE filter to
remove the humidity from the gas and possible solid contamination.

During the CA measurements, a constant CO> flow rate in the range of 5-25 ml
min’' was maintained on the back site of the electrode (gas-diffusion layer) to assure
the reactant supply and to bring the gaseous products to the uGC. Liquid products were
analyzed ex situ by a High-Performance Liquid Chromatograph (Thermo Scientific
Ultimate3000 HPLC) with a UV-Vis Detector set at 210 nm by using a ReproGel (300
x 8 mm) column, with 9.0 mM H>SO4 (flow rate of 1.0 mL min'') as mobile phase.
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Figure 11: Electrochemical setup configuration.

The catalysts are always tested as a GDEs, i.e. depositing the catalyst of interest
on a GDL (gas diffusion layer, GDL; SIGRACET 28BC, SGL Technologies) in order
to fabricate hydrophobic and gas permeable electrodes. All the catalysts were deposited
by drop casting technique in which the powder, together with possible additivities, is
dispersed in an organic solvent making a slurry which will be deposited on a the GDL
surface. Once the ink is completely dried, a homogeneous flat deposition is formed on
the GDL surface. The drop casting technique shows good accessibility in terms of
practical operation, do not require a previous filtering of the dispersion or peculiar steps
for the deposition. Nevertheless, it results a technique employable only for small
dimension electrodes. Indeed, once the electrode became larger, the deposition
homogeneity got lost and more specific technique should be applied. The common
procedure utilizes 1 or 2 mg of catalyst dispersed in 160 pL of ethanol (EtOH) by
sonication. Related to the specific study, also some additives were employed, like the
ionomer Nafion or carbon black powder (CB, Shawinigan Black AB50).

In a conventional experiment, the information obtained from a previous CV
furnish the range of potentials in which CO2RR can be registered with a good rate of
conversion. Several combinations of potentials and electrolyte are studied and
compared in order to reach the optimal condition for the CO2RR and the selectivity of
specific products in case of multi-products production.
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In order to evaluate the FEs for each product, different calculations are
performed for gaseous and liquid molecules. Nevertheless, all the potential must be
compared to the RHE considering the pH of each electrolyte as reported in the
following equation:

E(Ag/AgCl) = E(RHE) — 0.059 * pH — E°(Ag/AgCl) Equation 5

The selectivities of the products are reported in terms of Faradic Efficiency (FE),
thus matching the percentage of electron employed to the concentration of products
itself, thus not involving the ratio between the CO; furnished compared to the actual
reacted. Equation 6 and equation 7 correspond to the formula utilized respectively for
gaseous and liquid products:

Q*%*n*F
Vmxi

FE = Equation 6

FE =mol *n *g Equation 7
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Where the letters stand for:

Q = gas flow rate

% = concentration in molar percentage of gas products

n = number of electrons required for the specific product
F = Faraday constant

Vm = molar volume

1= current intensity

mol = mol of obtained products

C = total charge accumulated

2.3 Computational details

2.3.1 Molecular chemical potentials

In this section, the details present in the DFT calculation of modelled materials
are reported. The chemical potential (um) of a molecule M at standard conditions
and in the gas phase (g) is

tug) = Ex + EifF + H;/I(g) - TOS;/I(g) Equation 8

where the gas phase standard enthalpy and entropy, H ,L(g), and entropy, S ,ov,(g) are

reported in thermochemical tables®®. In liquid phase or in aqueous solution, the
chemical potential is obtained as

- f f .
Hm(/aq) = Pm(g) T BGy/aq) — Aly(g) Equation 9

in which AG)y ;400

phase or aqueous solution. From thermochemical databases we can get

AGI(:I and AGA];(Q).

is the Gibbs free energy of formation of the molecule in liquid

(U/aq)
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2.3.2 Molecule corrections

In Density Functional Theory, the PBE functional introduces systematic errors
in the total energies of species containing double and triple bonds between carbon
and oxygen, such as CO, COa, esters and carboxylic acids (OCO-molecules). To
overcome this issue, we adopted a statistical correction strategy® based on reaction
enthalpies and applied it to CO, CO2, and OCO-species.

The correction values (y) introduced to the total energy are

yCO = —0.330
Ycoz = 0.092
Yoco = 0.066

The yco correction largely dominate over yco2 and yoco.

2.3.3 Solvation energy calculation

Since all reactions take place in an aqueous environment, the contribution of
the interaction with the solvent to the energy of the catalyst surface and its
adsorbates, named solvation energy (E°'), was computed by means of DFT
simulations. In order to estimate this quantity, we used an explicit solvent model,
calculating the binding energy of the bare surface and the adsorbate with the
maximum number of water molecules that can bind through hydrogen bonds, both
in the acceptor and donor configurations.

For each system studied, the first and second hydration shells were recreated
by the addition of n water molecules (n-H20) which surround the active site and
adsorbates. During the geometry optimization, only water molecules were free to
fully relax, and the solvation correction for configuration i (Ef°') was calculated
as

EfW = EPFT o — (EPFT + EPET Equation 10

where EPFT ., is the total energy DFT of the system including the solvent, while
EPFT and EPEL, ;) are energies of the active site (or adsorbate) and the water cluster,
respectively.
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2.3.4 The Computational Hydrogen Electrode method

The Computational Hydrogen Electrode (CHE) method allows us to

determinate the Gibbs free energy profile of a reaction on a given catalyst®,! 2,

This method assumes that at standard conditions and zero applied electric potential
(U =0 V) with respect to the Reversible Hydrogen Electrode (RHE), the half of a
hydrogen molecule chemical potential in the gas form (1/2uy,) can be used to
replace the chemical potential of each proton-electron couple (H™+e").

At electric potential U # 0 V vs. RHE, the chemical potential of each (H"+¢")
couple is shifted by —eU. Starting from these considerations, it is possible to

compute the thermodynamic onset potential (U},..;) of each reaction (1) as

AGl;(0V .
Ubnset = —maxw Equation 11
e

where AGj; is the free energy variation of a reaction step from state j to state i,

while n, represents the number of electrons exchanged in the step. From the onset
potential U], the reaction overpotential (7,-), can be obtained as

Ny = Ulnset — U§  Equation 12

where U is the equilibrium potential of the reactions.

2.3.5 Reaction Gibbs free energy calculation

The Gibbs free energy variation between two reaction states 1 and 2 (AG;_,,, in
which 1 corresponds to the starting state and 2 to final ones) can be written as

AGi, = Gy, — Gy + (ny, — ny) GMHZ - eU) Equation 13

where n, and n, are the numbers of (H"+e") couples in state 2 and 1 respectively,
and the free energy of state 1 (or 2) can be expressed as the sum of two
thermodynamic contributions, namely

G, = Gyt + G2M Equation 14
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the G;4 term arises from the surface () in presence of a possible adsorbate (A),

while Glg 29 takes into accounts species (reactant or products) present in gas (g),
liquid (1) or in aqueous solution (aq).

The first term combines the computed total energy DFT (EPFT) with the

vibrational Helmholtz free energy (F¥*) of the adsorbate and the solvation energy
(ES°™), that is

GitA = EPFT 4 ppib 4 psolv Equation 15

while the second term is estimated as the total energy EPFT of the molecular species
combined with chemical potentials and DFT corrections.



54 Metal Doped Polyaniline

Chapter 3

Metal Doped Polyaniline

In this chapter, the electrochemical investigation of Lewis Acids doped
polyanilines as catalysts for the CO2RR will be reported. The interest on developing
a material able to sustain single metal active sites, avoiding metal clusters or even
bigger nanoparticles agglomerates, led to the choice of polyaniline as mere organic
support. Polyanilines are polymers based on the aniline monomers repetition inside
the polymeric chain. Their peculiar characteristic resides on this extended aromatic
chain in which regions of benzenoid and also quinone units are repeated.
Polyanilines are quite popular since they are spread as dye in different
manufactories; an aspect which makes them great candidates for possible scale up
technology in different fields.

As reported in Figure 12, the polymerization of polyanilines starts by an
oxidation step in which the amino group of the aniline monomer forms the radical
cation, such step can be performed chemically by a weak oxidant or
electrochemically®®. The obtained radical cation can then react with another radical
or with the aniline itself, leading to the polymerization of the chains. At the end of
this step, it will be obtained the so called Emeraldine Salt Polyaniline (ES-PANI),
a green p-doped polymer in which the vacancies delocalized on the polymer
rearrange themselves forming a highly conductive species called bipolaron state
(Figure 12). The same polymer can be deprotonated to form a blue polymer denoted
Emeraldine Base Polyaniline (EB-PANI) which shows a completely different
nature of semiconductor instead. In the EB-PANI benzenoid and quinoid units are
both present and through their possible oxidation or reduction, another two
additional forms of polyanilines are obtainable. The Pernigraniline presenting
dominant quinoid units and the Leucoemeraldine once the aromaticity is completely
obtained on the polymer. These two forms are less stable of the EB-PANI, so they
are difficult to preserve. We can divide all these forms in two groups: the undoped
ones in which are present the EB-PANI, the leucoemeraldine and the pernigraniline,
and the doped one in which the proton-doped ES-PANI is allocated. Other than
protons, several Lewis Acids were previously used as dopants for the
polymer®%697  Aiming to fabricate single metal active sites, several doped
polyaniline were produced and investigated as catalysts for the CO2RR.
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Figure 12: Reaction mechanism of polyaniline synthesis and the possible forms obtainable.

3.1 Doped polyanilines synthesis

All the reagents employed for the synthesis were purchased from from Merck
and wused without further purification. In details, the N-phenyl-1,4-
phenylenediamine (DANI, 98%), copper (II) chloride (CuClz, 99%), iron (III)
chloride (FeCls.6H20, 97%), manganese (II) chloride (MnCl, 99%), tin (IV)
chloride (SnCl4.5H>0, 98%), zinc (I) chloride (ZnClz, 99%), ammoniumpersulfate
(APS, (NH4) 252038, 98%), methanol (MeOH, 99.9%), N-methyl-2-pyrrolidinone
(NMP, 99.5%), hydrochloric acid fuming (HCI, 37%), potassium bromide (KBr,
99%), NafionTM 117 containing solution (5% in a mixture of lower aliphatic
alcohols and water) were used.

The first step of the synthesis involves the polymerization of the DANI, the
aniline dimer, in the form of ES-PANI. The choice to start with the dimer rather
than the monomer comes from two separated reasons. The aniline is a toxic
molecule which requires more precaution, at difference to the relative dimer, and
its distillation as purification step just before its employment. Moreover, the
dimerization step is the one characterized by the highest barrier energy, thus
fastening the overall reaction. The polymerization was performed chemically in a
batch reaction using DANI (5 gr, 27.1 mmol) and an excess amount of APS (9.29
gr, 40.7 mmol) as oxidizing agent. The DANI was firstly dissolved in 15 mL of
solution 70:30 v/v MeOH:H>0 with 1% w/w of HCl and placed in an ice bath under
stirring, while APS was dissolved in analogous 5 mL of the same solution
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separately. Successively, the APS solution was slowly added dropwise into the
DANI solution all along in 5 minutes and kept under stirring for 3 hours at room
temperature (RT). As soon as the APS solution makes contact with the former, a
green solution start appearing became darker as long the APS solution is being
dropped, finally a dark green precipitate was formed. The precipitate was then
filtered, washed several times with a solution 70:30 MeOH:H>O (in order to
dissolve the low molecular weight polymers) and then dried at 60 °C.

In order to obtain the semiconductive form of EB-PANI in a second step
reaction, the powder was dispersed in 40 mL of ammonia 32% solution and stirred
overnight in order to neutralize the protons present as dopant on the polymer. As
soon as the precipitate makes contact with the basic solution, a fast color change
occurs, turning the green solution into a deep blue color. The obtained powder is
filtered and washed with water several times and dried at 60 °C. The passage from
ES-PANI to EB-PANI is essential in order to achieve a possible doping with Lewis
acids. Among all the possible cations, the protons are the one having the more
concentrated charge and the lowest dimension, which makes them the best
candidate for doping compared to any other cations. So, it is essential to remove as
much H" dopant as possible in order to achieve a possible doping with different
cations. The final doping step was performed dissolving 100 mg (around 1 mmol)
of EB-PANI and 11 mmol of the relative metal salt (MnCl,, CuCl,, SnCls.6H>O,
FeCl; or ZnClz) in 20 mL of MeOH and stirred at 60 °C overnight. The solution
was then diluted in water to promote the M-PANI re-precipitation. The obtained
powder was thus filtered, washed several times with water in order to remove any
residual trace salts, and then dried overnight at 60 °C. Those samples were then
denoted as Mn-PANI, Cu-PANI, Sn-PANI, Fe-PANI and Zn-PANI.

3.2 Physical and Chemical Characterizations

The obtained PANIs were then characterized. We will anticipate that all along
the different characterizations it was clearly assessed that among all the samples,
only Mn-PANI, Cu- PANI, Sn- PANI and Fe-PANI were actually doped
polyanilines, different case was the one regarding Zn cations in which a
heterogeneous materials bearing ZnO particles grown on EB-PANI was found.
Since the failure to reach a Zn-doping on PANI sample, its electrochemical
performance was then omitted.
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3.2.1 ATR

With the ATR spectroscopy is possible to analyse the correct polymerization
of the monomer forming the polyaniline and to guarantee its preservation after the
doping step.

— Fe-PANI

—— Sn-PANI

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

Figure 13: ATR spectra of EB-PANI (black), Mn-PANI (red), Cu-PANI (blue), Sn-PANI (purple) and
Fe-PANI (green). Reproduced with permission from ref. 61. Copyright © 2021, Springer Nature.

As reported in Figure 13, a typical absorption pattern of the polyaniline is
observed for each sample. EB-PANI shows the characteristic vN-H at 3172 cm™!
stretching of secondary amines, the vC-H at 3031 cm™! stretching of aromatic rings,
the vC-N at 1597 cm ™! of the benzenoid ring and the vC-C at 1495 cm ™! stretching
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of the quinoid ring of the polymer chain, the vC-N at 1312 cm™' stretching of
aromatic amines, the quinoid ring stretching at 1151 cm™!, and the out of plane
bending of para-disubstituted benzene at 819 cm™'. Similar patterns are recorded
for the metal-doped PANI samples, indicating good preservation of the polymer
chains during the doping reaction without any sign of oxidation.

3.2.2 UV-Vis spectroscopy

The PANIs samples were also investigated through the UV-Vis spectroscopy
thank to their peculiar characteristic to absorb in the visible region of the spectra.
PANIs sample were dissolved in the NMP solvent and being analysed in absorption
mode. The reported spectra are normalized on the first peak in Figure 14.
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Figure 14: UV-Vis spectra of EB-PANI (black), Mn-PANI (red), Cu-PANI (blue), Sn-PANI (purple) and
Fe-PANI (green). Reproduced with permission from ref. 61. Copyright © 2021, Springer Nature.

For all the spectra, a common pattern of two transition is registered: at lower
wavelengths, between 300 nm and 350 nm, are present the m-m* transition
associated with the benzoid moiety absorption, at higher value between 500 nm and
700 nm, the n-p transitions are present. The absence of the transition at 400-450 nm
for all the PANIs, typical of the bipolaron state, suggest that all the materials are
emeraldine base polyanilines®®. The absorption peaks are slightly different for each
sample: 322 nm (n-n*) and 585 nm (n-p) for EB-PANI, 305 nm and 534 nm for Cu-
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PANI, 305 nm and 548 nm for Sn-PANI, 305 nm and 574 nm for Mn-PANI, 300
nm and 569 nm for Fe-PANIL. It is interesting to note that the presence of metal
cations leads to a hypsochromic shift (blue shift) for both n-n* and n-p transitions
and causes an increase in latter absorption intensity, suggesting that a doping
process is involved at different scales for each cations®.

The peculiar case of Zn-PANI shows already some clues regard its chemical
composition. As reported in Figure 15, the ATR and UV-Vis spectroscopies of Zn-
PANI are reported. In the ATR spectra, Figure 15a, the polyaniline pattern present
also in the other samples is recorded, nevertheless is it possible to detect intensive
signals around the 3550 cm™ due to O-H stretching of the superficial hydroxyl
groups present on the ZnO. Further evidence can be found looking to the UV-Vis
spectra of the Zn-PANI, Figure 15b, where the polymer does not shows a clear
hypsochromic shift in the n-n* transition like the other samples, more resembling
the one of the EB-PANI instead.
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Figure 15: a) ATR and b) UV-Vis spectroscopy of Zn-PANI sample.

3.3.3 XPS and ICP

High-resolution XPS studies were performed in order to validate the correct
doping of metal cation on polyaniline sample and to investigate their chemical
environment.

For Cu-PANI sample (Figure 16a), the Cu2ps.2 peak can be deconvoluted into
two main contributions at 932.6 eV (75.6% peak area) and 934.6 eV (24.4% peak
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area). Those components can be attributed to Cu(I) and Cu(Il), respectively, in
accordance with the literature on CuC1'%’, CuCl,!'°! and Cu-doped polyaniline!*.
Based on the Sn3ds/, peak position (487.3 eV), it is possible to exclude the presence
of metallic Sn in the Sn-PANI sample (Figure 16b) but also of SnO and SnO> due
to the higher value registered!®*»1%4195 suggesting the presence of tin cations in a
different chemical environment. Concerning the Mn-PANI sample (Figure 16¢), the
identification of the oxidation state of Mn is not straightforward due to its low
concentration and the well-known complexity of interpretation of the Mn2p region
caused by multiplet-splitting and satellite structure'®®. Based on the estimated
binding energy of the Mn2ps3. peak (641.6 eV), the presence of Mn(I1I) and Mn(IV)
seems most probable!?’. Regarding the last sample, Fe-PANI sample (Figure 16d),
both the Fe2ps» peak at a binding energy of 711.2 eV and the presence of
characteristic satellite, point to Fe(IlI), in accordance with the literature on FeCl5!%
and Fe-doped polyaniline'”. Concisely, detailed XPS analysis unveils that Cu, Sn,
Mn and Fe ions are successfully introduced in the EB-PANI as coordinated ions
and thus dopants, thought manifesting different ratios.
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Figure 16: High-resolution XPS acquisitions of the Cu2p, Sn3d, Mn2p32 and Fe2p regions for samples
(a) Cu-PANI, (b) Sn-PANI, (c) Mn-PANI and (d) Fe-PANI. Reproduced with permission from ref. 61.
Copyright © 2021, Springer Nature.



61

The successful incorporation of metal cations is quantified by elementary
analysis through the ICP-MS and XPS analysis respectively. The weight percentage
of doped metal and the atomic ratio of metal to coordinated nitrogen were quantified
and listed in Table 2. It is confirmed that the chemical composition of the
synthesized EB-PANI is in accordance with the reported molecular structure!!%!!!,
The Zn-PANI it is reconfirmed as a dissonant case compared to the other PANIs
samples. Indeed, an incredibly higher amount of metal is recorded compared to the
other samples, 36.4% in weight, with an irrational value of Zn/N ratio of 1.47 for a
mere doping. The metal atoms completely oversteps the number of possible
nitrogen atoms available for coordination, thus suggesting the presence of zin atoms
in a different chemical environment.

Table 2: Metal percentage by ICP quantification and chemical composition by semi-quantitative high-
resolution XPS analysis. Reproduced with permission from ref. 61. Copyright © 2021, Springer Nature.

ICP XPS
Sample [ Metal C 0 N Cl Metal | Metal/N
(Wt%) (at%) (at%) (at%) (at%) (at%) | (at%/at%)
EB- ) 8054 | 390)+ | 152@)+ | 0.4(1)+ } }
PANI 0.4 0.2 0.4 0.1
Cu-PANI | 89+16 7831(17) + 6.20(;) + 12.31.(26) + 2.50(&) + 0.70(&) + 0.06 (1)
Sn-PANI | 6.6 = 1.1 71.%-(55) + 9.80(;) + 11%.(55) + 4.70(-}) + 2.80(.}) + 0.25 (1)
Pl\lirll\}I yrt 10 80.1)-(54)ﬂ: 5.00(-3):|: 12.%.(55)1 1.50(-i)ﬂ: 0.50(.}):|: 0.04 (1)
Fe-PANI | 1.4+ 1.0 72.(())-(54) + 13.%(3)-(22) + 8.60(;) + 4.60(-}) + 1.10(.}) + 0.13 (1)
Z1-PANI 361.1)1[ 52.%'(50) + 21.3(,)'(21) + 8.10(2) + 5.80(}) + 11.%.(11) =

3.3.4 FE-SEM

Further study on the morphology has been performed by FESEM technique. As
shown in Figure 17a-f, where all the images of polyaniline samples are reported.

Considering the undoped form of polyaniline EB-PANI (Figure 17a) a
reference for all the other samples, it is possible to detect different dimension of
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particles from the microscale and partially lower size and a missing peculiar
morphology.

Sn-PANI 200 nm

Figure 17: FESEM images of (a) EB-PANI and (b) Sn-PANI. Reproduced with permission from ref. 61.
Copyright © 2021, Springer Nature.

All aspect being shared in all the doped PANIs samples. In Figure 17b-e, the
doped forms of PANIs are reported and no trace of metal salts precursors is found;
justifying the presence of the metal cations only as dopants rather than in the salt or
metal oxide forms. This evidence was also supported by secondary electron detector
SE2 in which atoms having a high Z number result to be brighter and easier to be
recognized. FESEM analysis suggests the presence of metal doping, information
perfectly coherent with the one obtained with XPS and UV-Vis analysis. Again, a
completely different scenario is presented for Zn-PANI sample, Figure 171, in this
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case ZnO microparticles are clearly visible all over the material, which clarify the
high amount of Zn atoms present in the sample by ICP-MS technique.

3.3 Electrochemical characterizations

3.3.1CV

The activity of PANI-based electrodes was preliminary studied by
electrochemical characterizations like Cyclic Voltammetry (CV) and
Electrochemical Impendance Spectroscopy (EIS).

Generally, for all the PANIs, the current density registered under N>
atmosphere is actually higher compared to the one under CO> at the same potential
vs RHE. This aspect suggests an intrinsic selectivity towards CO2RR. Indeed,
comparing the same potential, the composition of the CO»-saturated electrolyte
involves a higher concentration of protons, which would be translated in an higher
current density for HER in case of minor selectivity towards CO», instead for all the
PANI samples this increment do not occur, suggesting that the active sites are
occupied by the CO; thus inhibiting the HER. A comparison of all the CVs in CO»-
saturated 0.1 M KHCO;3 electrolyte for all the different catalysts are reported in
Figure 18a, for the Cu-, Sn- and Fe-PANI, an higher current density is registered
comparing to the undoped form of EB-PANI, different scenario is the one of Mn-
PANI in which the two currents seems to coincide, probably due to the low
concentration of dopant present for Mn cations in the sample (Table 2).

3.3.2 EIS

EIS was performed both in the N>-purged and CO;-saturated 0.1 M KHCO3
electrolyte in order to light up the role of the metal cation in polyaniline samples.
Representative Nyquist plots of the impedance for the Cu-PANI sample acquired at
different potentials in CO;-saturated electrolyte are shown in Figure 19, which
includes experimental data and curves calculated exploiting the equivalent circuit
reported in the inset.

Each component of the total resistance can be separated performing EIS
measurements and fitting the obtained data with a proper model''?. In detail, the
information regarding the Resistance Charge Transfer (RCT, the resistance
associated to the electrocatalytic process) was evaluated in this work and plotted in
Figure 18b-f for all the PANI samples. The charge transfer resistances obtained in
the N2-purged and COz-saturated solutions for each catalyst are compared. Taking



64 Metal Doped Polyaniline

into consideration that under N> atmosphere HoO/H™ are the only chemical specie
able to be reduced, while under CO; atmosphere also the latter is a competitive
substrate, the EB-PANI electrode shows a great difference between the RCT values
in the two solutions for several potentials and much lower RCT values in the N>
one, implying that H>O reduction could be the dominant reduction, Figure 18b.
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Figure 18: (a) Cyclic voltammograms of EB-PANI, Mn-PANI, Cu-PANI, Sn-PANI and Fe-PANI.
Resistance Charge Transfer, RCT, in N2-purged and CO:-saturated electrolyte: (b) EB-PANI, (¢) Mn-
PANI, (d) Cu-PANI, (e) Sn-PANI and (f) Fe-PANI. Reproduced with permission from ref. 61. Copyright
© 2021, Springer Nature.

Mn-PANI electrode performs completely differently from the EB-PANI and it
displays a lower RCT value in CO; electrolyte at each potential (other than -0.99
V), indicating its possible selectivity for the CO2RR Figure 18c. For Cu-PANI and
Sn-PANI, Figure 18d-e, the difference of between RCT values in the two solutions
is much smaller than that in the EB-PANI, indicating that they could be more



65

selective for the CO2RR with respect to the latter. In contrast, Fe-PANI, Figure 18f,
shows a significantly higher RCT value in CO> electrolyte with respect to that in
the N> one, anticipating its scarce selectivity for the CO2RR.

Combining the CV and EIS analyses, it is expected that doping PANI with Cu
and Sn could manifest an interesting performance for the CO2RR catalysis, while
the Fe-PANI should display trace or even no activity toward it. The characteristics
of Mn-PANI are not clear, even with the low amount of metal present in the sample,
a drastic change regarding the RCT is present, making it interesting the evaluation
of the practical performances of the catalyst.
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Figure 19: Nyquist plot of the impedance data acquired on Cu-PANI electrode in CO:z-saturated
electrolyte at different potentials (the points are experimental data; the lines are calculated using the
equivalent circuit shown in the inset). Reproduced with permission from ref. 61. Copyright © 2021,
Springer Nature.

3.3.3 Double Layer Capacitance

In order to normalize the currents of the next chronoamperometries, not to the
geometric areas rather than to the Electrochemically Active Surface Area (ECSA),
the double double-layer capacitance (Cdl) was calculated for all the samples. The
Cdl is indeed considered to be proportional to the ECSA in this way the intrinsic
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activity of various materials is compared by investigating the Cdl-normalized
current densities at the electrodes.

The detailed evaluation of Cdl for Cu-PANI is reported in Figure 20 as
example, the calculated Cdl values are 3.6, 1.2, 4.3 and 2.0 mF cm™ respectively
for EB-PANI, Mn-PANI, Cu-PANI and Sn-PANI eclectrodes. The Ca values of
various electrodes (PANI, Cu-PANI, Mn-PANI and Sn-PANI) are evaluated by
cyclic voltammetry at various scan rates in a potential range where no faradaic
process occurs. The geometric current density is plotted against the scan rate and
the slope of the linear fitting quantifies the Ca.
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Figure 20: Determination of double-layer capacitance for various electrodes in N:-purged 0.1 M
KHCO3: (a) representing CVs on Cu-PANI electrode; (b) Capacitance values calculated from the slopes
of current densities vs. scan rate. Reproduced with permission from ref. 61. Copyright © 2021, Springer
Nature.

3.4 Investigation on the electrode composition

In order to evaluate the catalyst, a GDE was prepared drop casting the catalyst
on a commercial GDL. A commonly underestimated crucial aspect in the CO2RR
is the composition of the electrode. Different from other research fields likes the
one of fuel cells, in CO2RR the electrode composition has not been intensively
studied yet.

In the literature, several methods are reported for the electrode preparation!!3,
while a specific study on the composition and the roles of each component that
overall clarify every aspect has not totally reached. The general composition of an
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electrode is based on the current collector, the catalyst, an ionomer binder, whose
guarantee the catalyst immobilization on the electrode and increases the ionic
conductivity. In the CO2RR literature is a common procedure the introduction of
carbon blacks in order to better disperse the catalyst and homogenize the
conductivity all over the electrode. Even more common procedure is the
employment of Nafion solution as binder for the catalyst, especially when metal
and metal oxide particles are used because of possibility to rapidly disperse them in
water solution. With the aim to investigate the role of each component during the
electrode fabrication, we performed a cross investigation preparing four different
type of electrodes bearing the Cu-PANI as catalyst in presence of: a) no additives,
b) carbon black, c¢) Nafion and d) carbon black together with Nafion. Those
electrodes were tested under a bias of -0.99 V vs RHE and the reduced products
coming from CO2RR were analyzed, Figure 21.

Surprising, the Nafion addition dramatically pushes the hydrogen evolution
reaction (HER) in terms of both selectivity and activity. Different case is the one of
COz2RR, in which seems not to interfere instead. Fluorinated groups of the ionomer
are responsible of an increase in the hydrophobicity of the electrode, which is
considered an aspect that would promote the selectivity toward the reduction of
CO; rather than protons''*. Nevertheless, the terminal chain sulfonic groups in
Nafion lead to an increase in the overall surface polarity, which could act as a
promoter of the competitive reaction of HER. The co-presence of Nafion and CB
further enhances the HER activity, while CB alone does not add any significant
beneficial effect for the CO2RR (Figure 21b).
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Figure 21: COzRR on various electrodes with different compositions at -0.99 V in COz-saturated 0.1 M
KHCOs electrolyte: (a) Faradaic efficiencies and (b) partial current densities. Reproduced with
permission from ref. 61. Copyright © 2021, Springer Nature.
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Based on the above analysis, for the doped-polyaniline sample, we can
conclude that the fabrication of electrode involving the presence of the Nafion
ionomer should represent a non-profitable strategy. Such aspect would involve
tremendous advantages in terms of cathode’s electrode cost production, since the
extremely high price of the fluorinated ionomers. PANI is an ionomer itself and can
act as an ionic conductor, thus not requiring a proper material for that. It also shows
great affinity for the GDL substrate without a binder, hence encouraging the PANI-
based electrodes fabrication with the total exclusion of any additives.

3.5 Electrochemical performances

The catalytic properties of EB-, Mn-, Cu-, Sn-, and Fe-PANI as binder-free
electrodes were investigated at -0.99 V vs the RHE.

Fe-PANI shows a FEw2 of 100% as perfectly predicted by EIS investigation.
Detailed analysis is reported in Figure 22 for all the samples except for the Fe-PANI
which was omitted. The EB-PANI shows a low selectivity only for HCOOH
formation with a FE of 3.6% at -0.99 V (Figure 22a), evidencing how the organic
polymer acts merely as support rather than a proper electrocatalyst for the CO2RR.

While all Mn, Cu and Sn dopants lead to a significant enhancement in the
CO2RR selectivity, the individual selectivity for CO or HCOOH formation is
distinct. The Mn-PANI achieves a FEco of 11.8% and a small FEucoon of 1.1%.
The Cu-PANI enhances both the CO and HCOOH formation, with FEco and
FEncoon values of 19.1% and 13.4%, respectively. The Sn-PANI is the catalyst
showing the most significant increase in the FEncoon (35.6%) and a modest FEco
of 14.6%. Concisely, Mn-PANI is more selective for the CO and Sn-PANI is more
selective for the HCOOH, while Cu-PANI produces CO and HCOOH almost
equally. Figure 22b shows the electrode activity of various samples in terms of
geometric current density.

It is easy to consider how the metal doping actually change and enhance the
electrochemical activity toward the CO2RR rather than the HER. The total current
density on various electrodes follows the trend PANI = Mn-PANI < Sn-PANI <
Cu-PANI at -0.99 V. The PANI electrode shows almost no partial current density
for CO formation, while the metal doping significantly improves the CO formation,
with a highest value of 0.3 mA cm™ at the Cu-PANI electrode. HCOOH formation
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is remarkably enhanced on the Cu-PANI and Sn-PANI electrodes with respect to
the PANI one. CO and HCOOH are the only detected CO2RR products and the
production rate of the C1 products (CO + HCOOH) displays the trend Sn-PANI >
Cu-PANI > Mn-PANI > PANI. These results demonstrate that the Cu- and Sn-
doping have successfully modified the properties of PANI toward the CO2RR.
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Figure 22: CO2RR on various electrodes in CO2-saturated 0.1 M KHCO3 electrolyte at -0.99 V: (a)
Faradic efficiencies for CO2RR products, (b) partial current densities, (c) double-layer capacitance-
normalized partial current densities and (d) turnover frequency for CO and HCOOH products.

The current normalized by the geometric surface area of the electrodes does
not reflect the intrinsic activity of a catalyst, in order to do that, a normalization
process has been done on the partial current intensities of each product. To evaluate
the intrinsic activity of these materials, the current density is normalized by the
electrochemically active surface area (ECSA) since it is considered to be
proportionally associated to the double-layer capacitance (Cdl) which its plot is
reported in Figure 22c. Doping the PANI with a metal cation leads to an increase
in the activity of the materials for reduction reactions, including HER and CO;RR.
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It is observed that the Mn-PANI shows the highest activity and the Cu-PANI
has the lowest activity among the metal-doped samples. However, most of the
activity of the Mn-PANI is attributed to the HER, leading to a comparable activity
for the CO2RR with respect to the Cu-PANI, and even a lower activity compared to
the Sn-PANI sample. While the activity for CO formation is comparable at the three
doped catalysts, the HCOOH formation is much more favorable on the Sn-PANI
than on the others. It is also worth to note that the HER activity becomes inferior to
CO2RR for Sn-PANI, which is probably correlated with the low activity of p-group
metals for the HER. Figure 22d compares the CO and HCOOH formation rates
normalized by the total metal atoms, that is turnover frequency (TOF, h'!), at the
three metal-doped PANI electrodes. It is evident that Sn-PANI outperforms the
other counterparts with a higher atom efficiency for both CO and HCOOH
formation. The TOF value is comparable with reported results for similar metal
single-atom materials'!> and definitely higher than the bulk and nanostructured Sn-
based catalysts''®, implying the good utilization efficiency of metal in the Sn-PANI
complex.

The stability of Sn-PANI has further been investigated, over 10 hours CO>
electrolysis at -0.99 V, as shown in Figure 23. The selectivity for CO and HCOOH
formation (orange and blue square) remains almost stationary during the test, while
the FEn» firstly increases and then reaches a plateau (red square). Surprisingly, the
electrode activity displays a continuous growth over the time. This could be
attributed to the activation of the catalyst (green line, current density) or to the
formation of metallic tin clusters, more conductive and able to perform the HER.
Nevertheless, the selectivity for the CO2RR products is not notably changed, it is
supposed that the characteristic of the catalyst is not changed either. In situ
characterization could be useful to understand the real nature of the active site under
the bias.
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Figure 23: Long-term test of Sn-PANI electrode. Faradaic efficiency and total current density as function
of time in aqueous CO2-saturated 0.1 M KHCO3 solution at -0.99 V.

In summary, such investigation lead to the fabrication of interesting material
resulting be able to perform electrocatalysis of CO2 without the assistance of any
fluorinated additives. The strategy of doping resulted to be challenging and not
versatile for every cation with the proposed synthesis, nevertheless the benefits of
Lewis acids doping revealed to be an interesting approach to obtain single metal
active sites, which drastically lower the amount of metal atom necessary for the
catalysis. The metal cations of Mn, Cu, Sn and Fe have been investigated and show
distinct characteristics, indicating the high tunability of the metal-PANI complexes.
Sn-PANI outperforms other samples and obtains good selectivity, activity and

durability for the CO2RR, implying its good potential to be implemented in real
devices.
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Chapter 4

Sn(,/PANI

The preliminary investigation on doped polyaniline pushed forward the catalyst
optimization based on this kind of substrates. Among all the employed metal center,
the Sn-doped polyaniline resulted to be the most appealing regarding the CO2RR
thanks to its ability to produce formate with an interesting selectivity. The main
recorded limitation of the catalyst was in its current densities; which reached values
minor to 10 mA cm™ all over the studied potentials.

In order to achieve more challenging results, different combination of
electrolyte were investigated and a new one-pot synthetic procedure was build up.
The renewed version of the Sn-PANI resulted a catalyst bearing a double amount
of Sn cations on the polymer. Surprisingly, the tin atoms resulted organized in a
different chemical environment, forming extremely low size SnO> nanoparticles of
few crystal plane. The employment of the sonochemistry during the synthetic
procedure, with its intense and locally peaks of temperature, was the source of the
tin oxide deposition all over the polymer. Such catalyst outperformed the previous
version, resulting able to reach formate selectivity at values higher than 70% and
current density of the range of 50 mA cm™.

4.1 Synthetic procedure

All the reagents were purchased from commercial sources without further
purification. N-phenyl-1,4-phenylenediamine (DANI, 98%), tin (IV) chloride
(SnCl4.5H20, 98%) ammoniumpersulfate (APS, (NH4)2S20s, 98%), methanol
(MeOH, 99.9%), N-methyl-2-pyrrolidinone (NMP, 99.5%), hydrochloric acid
fuming (HCl, 37%) were all purchased from Merck.

The synthetic procedure is analogous at the one of the previous chapter, in
which through a batch reaction the DANI dimers polymerize thanks to the addition
of an oxidizing agent APS. The main differences are the employment of
sonochemistry in the reaction batch and the presence of tin salt in the first reaction
step. The sonochemistry introduction comes from the interest to induce further
defects on the polymer and obtain lower size particles, while tin salt incorporation
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aims to reach a higher rate of doping of the metal on the polymer. Surprisingly, the
combination of acoustic wave and the presence of tin chloride causes the formation
of SnO» nanoparticles on the polymer surface with an extremely low dimension of
few atomic layers.

In this procedure 5.43 mmol of N-phenyl-1,4-phenylenediamine (DANI,
184.24 g mol™!) and 1.5 times excess of SnCls.5H>0O were dissolved in 15 mL of
70:30 v/v MeOH:H>0 with 1% w/w of HCI solution and kept under sonication for
10 minutes in a 10°C bath. Then 8.15 mmol of APS (228.18 g mol™!) dissolved in
15 mL of the same solution, were added in the former dropwise along 5 minutes
with continuous sonication. Once the two solutions are completely mixed, they
were kept under sonication for further 3 hours in a cold bath, in order to prevent
high temperature in the solution, and then stirred all along the night at room
temperature (RT). The solution was then centrifuged and washed twice with milliQ
water and a last time with MeOH resulting in a green powder typical of the ES-
PANL

The latter was then immersed in 10 mL of 32% ammonia solution and stirred
for one night. The obtained EB-PANI blue-powder was then centrifuged and
washed three times with water before placing in hoven overnight to dry. The
resulting polymer was then used to load further tin cations inside the organic matrix
thanks to the H* neutralization. Indeed, 4 mmol of EB-PANI (PM 93.13 g mol™)
were dissolved with a 1.5 times excess of SnCls.5H>0 in 20 mL of MeOH in a
sealed vial. The solution was stirred at 60 °C for the night. The solution was
precipitated adding 20 mL of water and then centrifuged. The powder was washed
and centrifuged three times with water to remove any trace of metal salts. The
obtained powder is labelled as SnO2/PANI.

4.2 Physical and chemical characterizations

4.2.1 ATR

As in the previously chapter, the evaluation of polyaniline polymerization can
be verified by ATR. In Figure 24a, the spectra of EB-PANI and SnO>/PANI are
reported and a coherent stretching pattern is reported. The correct polymerization
of the polymer is verified by the presence of the stretching of the chemical groups
involved in the polyaniline.
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The C=N stretching of quinoid dimmine unit which falls at 1594 cm ™! and 1575
! respectively for EB- and SnO./PANI, evidencing a shift for the latter in
presence of tin ions interacting with this chemical group. The C-C aromatic ring
stretching of the benzenoid dimmine unit at 1497 cm™!, present in both samples, the
C-N stretching of aromatic amine registered at 1287 cm™! and 1298 cm™! for EB-
and SnO»/PANI, respectively, with a further shift induced by tin ions interaction.
At 1167 cm™! there is the stretching of quinoid ring and at 819 cm™! the out of plane
stretching due to hydrolysis immine units of the polymer'!”. The ATR spectra are
then coherent with the previous published literature'!®.

cm

4.2.2 UV-Vis spectroscopy

In Figure 24b are reported the UV-Vis absorption spectra of the polyaniline
samples dissolved in N-methyl-2-pyrrolidone.

The two samples show two main bands at 320 and 600 nm of the n-n* of the
benzoid moiety and the n-p transition, typical of the semiconductive emeraldine
polyanilines pattern®"-!1%%_ For the SnO,/PANI a moderate blue shift occurs in the
region of the m-n* transition (from 322 to 315 nm) evidence of a partial doping of
tin ions after the third synthesis step®®. This information underlines how the
presence of tin salt during the DANI polymerization do not dope the polymer, since
in the EB-PANI polymerization without metal salt the maximum was obtained
indeed at 322 nm, so the protons are dominant compared to tin ions. Nevertheless,
the third step of reaction for tin doping, a lower amount of doping is registered,
since in the previous sample the n-n* band was obtained a lower value of 305 nm.
Such minor intense hypsochromic shift is presumably inhibited by the SnO»
deposition induced by the acoustic wave. ATR and UV-Vis spectroscopies evidence
anyway the presence of a minor amount of tin ions as dopants in the structure of the
polyaniline, as previously reported in the literature®’.

4.2.3 FE-SEM

In Figure 24c, the images coming from Field Emission Scanning Electron
Microscopy (FE-SEM) show the morphology of SnO2/PANI sample.

The material does not show any trace of visible metal agglomerate in form of
metal/oxide with the resolution of the employed technique, moreover it evidences
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a drastic morphological change of the material in which the nano dimensional scale
is reached with a homogenous distribution of the particles. This involves the
sonochemistry helped with the nano-structuration of the material, drastically
reducing its size.
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Figure 24: a) ATR spectra of SnO2/PANI (blue) and EB-PANI (green, b) normalized UV-Vis spectra of
PANI samples. ¢) FE-SEM image of SnO2/PANI sample.

Further insight into the morphology and structure of the SnO2/PANI sample
is provided by EDX mapping through the FE-SEM characterization, Figure 25.
EDX qualitatively confirms the composition of the catalyst, with a coherent
distribution of C and N atoms, coming from the organic part of the polymer, and Sn
and Cl atoms coming from the cation doping and counter ion. Unexpectedly, a
homogeneous distribution of oxygen atoms are spread all over the catalyst,
suggesting for the first time the presence of SnO; nanoparticles invisible by FE-
SEM resolution. The tin oxide formation was an unpredicted result. Since with a
similar method deprived of sonochemistry, the tin cations were able to be inserted
inside the polymeric chain as mere dopants, thus not forming the relative oxide.
Interestingly, EDX mapping shows also a homogenous displacement of chlorine
atoms all over the nanoparticles, suggesting that part of the chloride atoms are
integrated in the polymer matrix or externally to the metal oxide.
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Figure 25: Electron diffraction image (top left) and EDX maps of C, N, Sn, Cl, O chemical elements for
the SnO2/PANI sample.

Through the EDX mapping, also an elemental analysis was possible to be
determinated. In Table 3: Elemental analysis of SnO2/PANI sample performed by
EDX technique and high-resolution XPS analysis. Sn/O and Sn/N ratio comparison.
the atomic percentage of the N, Sn, O, Cl and C elements are reported together with
the one obtained by high-resolution XPS technique. The EXD value were recorded
on two different large size particles, in order to determinate a significant distribution
of the values. The elemental analysis furnishes important clues about the nature of
the tin cations inside the catalysts. Indeed, once known the atomic percentage of
each atom and reconstructed the possible stoichiometry, different chemical species
can be predicted or discarded. From the Table 3 is indeed possible to establish that
the amount of chlorine atoms is deeply insufficient to determine the residual
presence of the metal precursor SnCls. Thus chlorine atoms will be indeed
determined to act as dopant inside the SnO> deposition of the PANI. Instead, the
actual amount of oxygen present in the SnO2/PANI sample is large enough to
completely cover the amount of the tin cations following the stoichiometry of SnOx.
In which the ratio Sn/O is close to 0.5 due to the presence of oxygen involved in
water and other carbon contamination due to air exposure. Also the Sn/N value
suggests the presence of different types of tin cations compared to the one registered
in the Sn-PANI catalyst exposed in the chapter 3.
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Table 3: Elemental analysis of SnO2/PANI sample performed by EDX technique and high-resolution
XPS analysis. Sn/O and Sn/N ratio comparison.

N Sn (0] Cl C Sn/O Sn/N
PANI
el (%oat) (%oat) (%oat) (%oat) (%oat) | (%at/%at) (%oat/%at)
EDX 1 9.6 4.8 18.0 3.7 64.0 0.3 0.5
EDX 2 7.3 8.7 21.4 6.8 55.8 0.4 1.2
XPS 8.0 6.0 16.5 4.0 65.5 0.4 0.8
4.2.4 XRD and TEM

A careful characterization of the morphology and structure of the SnO2/PANI
catalyst is obtained by combining XRD with electron microscopy techniques, as
reported in Figure 26. In order to gain quantitative information from XRD data,
Pawley refinement was employed, as shown in Figure 26a.

The XRD pattern clearly shows very broad peaks corresponding to the
tetragonal unit cell (a=b=4.761 A, ¢ =3.198 A) having the space group P42/mnm
(# 136), all in accordance with the known crystalline structure of rutile SnO»
(example Crystallography Open Database ID: 2101853,
http://www.crystallography.net/cod/index.php). Due to the amorphous nature of
EB-PANI, XRD pattern suggests the SnO2/PANI catalyst is constituted by an
amorphous polymeric matrix, decorated with nanometric (~ 1.5 nm in size, based
on Pawley refinement) SnO»-like structures. Further analysis was performed with
the Transmission Electron Microscopy (TEM). The structural information from
selected area electron diffraction (SAED, in Figure 26b) confirms the XRD results,
showing contributions compatible with the rutile SnO; crystalline structure.

High-resolution TEM (HR-TEM) images (Figure 26c¢) provide useful details at
the nanometric scale, it is indeed possible to directly visualize the amorphous
polymer matrix homogeneously decorated with very small (size typically <2 nm)
crystalline domains. By measuring the interplanar spacing from HR-TEM images
(Figure 26d) the rutile SnO> structure is confirmed.
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Figure 26:SnO2/PANI morphological characterization. a) XRD experimental data, alongside fit through
Paley refinement and corresponding residuals. b) selected-area electron diffraction results, ¢) and d)
high-resolution TEM images. The arrows in c) point to the crystalline domains. The interplanar spacing
measured in d), corresponds to the (110) family of planes in rutile SnO2.

4.2.5 XPS

The low concentration of tin ions and their chemical state is confirmed and
analysed XPS studies. In Figure 27 the high resolution XPS spectra of SnO2/PANI
sample are reported.

In Figure 27a, the C 1s signal is well fitted combining several contributions:
the main band of the C=C (284.6 ¢V) and C-N (285.6 eV), coming from the
polyaniline monomer'?° which also shows the correct ratio 4:2, the C-O-C (286.5
eV) and O-C=0 (288.5 eV) respectively from the quinone and hydroquinone
moiety coming from hydrolysis of immine group'?! and the pi-pi* (291.2 eV)
coming from the benzenoid moiety'?’. In Figure 27b O 1s signal is fitted through
the two contributions interacting with carbon atoms, the O-C-O (531.7 eV) and O-
C=0 (533.1 eV), and additionally a further signal attributable to O-Sn (530.8 V)
coming from the previously detected SnO!*. In Figure 27¢ it is possible to identify
the different types of polyanilines trough N1s analysis. The leucoemeraldine PANI
has only benzenoid moiety, the emeraldine shows both benzenoid and quinonic
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moieties, finally the pernigraniline PANI would shows further oxidized
contributions'?!. SnO2/PANI results to be an emeraldine base as expected also from
UV-Vis, the theoretical stoichiometry value of 6:1 between C and N atom,
excluding the carbon bonded to oxygen, is coherently preserved'?!. In Figure 27d
the contributions of Sn 3d 3/2 and 5/2 are reported (487.5 and 495.9 eV).
Interestingly, the values obtained for such peaks are slightly higher compared to the
ones registered in classic SnO, samples!?3104-105,

C1s
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Figure 27: SnO2/PANI high-resolution XPS spectra. In details a) C 1s, b) O 1s, ¢) N 1s and d) Sn 3d
regions.

Due to extremely low size of these SnO» particles, the consequent defects and
the perfectly homogeneous distribution of chlorine atoms from EDX, a different
environment for tin cations result to be evident. We can affirm the SnO;
nanoparticles are Cl-doped in order to compensate the dense defects present on the
SnO> crystals thanks to the higher binding energies registered in presence of such
electronegativity atoms'?>123,
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4.3 Electrochemical performances

As reported in the previous chapter, the polyaniline is an ionomer, thus an ionic
conductor, and it is also hydrophobic, which makes it stable on the GDE without
any binder addiction. To the catalyst ink, Vulcan carbon nanoparticles were
introduced together with the catalyst powder aiming to increase the overall
electrical conductivity of the electrode. The catalyst and carbon nanoparticles
followed the ratio of 9:1 for a total powder density of 1 mg cm™ on each electrode.

SnO2/PANI resulted to be mainly active for the HCOO™ production just like
the predecessor Sn-PANI. Several combinations of potentials and electrolytes were
indeed studied in order to optimize the highest possible HCOO™ selectivity, since
H: and CO resulted to be produced only in lower amount. In Figure 28a the FE for
three different compositions of electrolyte (0.5, 1.0 and 2.0 M of KHCO3) and
applied potentials (-1.0, -1.2 and -1.3 V vs RHE) are reported, parallel to their
relative current densities registered in the same conditions, Figure 28b. The
relationship between potential and CO2RR suggests an operational applied potential
close to -1.0 V®!. Indeed, the differences among the potential chosen from -1.0 to -
1.3 V reported in Figure 28a and Figure 28b are slight.

In the current work, the highest value of FEucoo- of 67.2% is obtained in
0.5 M KHCO; at -1.2 V, since we already know the EB-PANI itself is almost
inactive for the CO; reduction, such selectivity is reached through the small amount
of tin atoms present on the catalyst, which is only the 7.0% in weight quantified by
ICP-MS. In Figure 28a, for each electrolyte, the selectivity for different potentials
in each electrolyte are reported. At exclusion of the 0.5 M KHCO3, all the other
electrolytes do not show big changes in selectivity. Indeed, in the 0.5 M KHCO3
electrolyte, there is a significant increase in selectivity of +30.4% switching from -
1.0 V to -1.2 V. Our interpretation is that the highest selectivity for CO2RR is
theoretically reached at -1.0 V vs RHE, as the FEs at the same potential in 1.0 and
2.0 M KHCOs suggest, nevertheless the competition with HER in 0.5 M is too
dominant, lowering the selectivity for CO2RR. Generally for every electrolyte,
shifting the potential from -1.0 V to -1.2 V causes an increase in current density
which involves a major local hydroxyl anion production'?* as reported in equations
16 and 17:

CO2 + H20 +2e — HCOO™ + OH Equation 16
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2HO+2¢ — H,+2OH Equation 17
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Figure 28: Chronoamperometries results in different combinations of electrolytes (0.5, 1.0 and 2.0 M of
KHCO3) and applied potentials (-1.0, -1.2 and -1.3 V vs RHE. a) faradic efficiencies, b) current densities,
¢) turnover frequencies and d) partial current densities for formate.

The increase in the local pH near the electrode helps the CO2RR because
the HER is decreased by protons depletion. This phenomenon affects all the
electrolyte pushing the potential from -1.0 to -1.2 V, nevertheless only in the 0.5 M
KHCO: is so intense. We can find the understand the reason of this behavior taking
in consideration the current density plot of Figure 28b. Indeed, in the 0.5 M KHCO;
the selectivity rises from 36.7% to 67.1% with a significant current density variation
from 8.0 mA cm™ to 19.8 mA cm™. Pushing the applied potential to -1.3 V in the
0.5 M KHCO3 solution does not involve important variation in current density,
which is translated in a similar selectivity.

For more concentrated electrolytes (1.0 and 2.0 M KHCO3) a comparable
increase in selectivity from -1.0 V to -1.2 V is not recorded. That occurs because in
these two electrolytes at -1.0 V is already reached a high current density of -16.4
mA cm™ and -22.7 mA c¢cm?, comparable to the one registered in 0.5 M at more
negative potential. The increase in the current densities related to the salt
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concentration is a phenomenon coming from a better conductivity of the system.
There is actually a limit on protons depletion due to the hydroxyl anion production,
since is known that in flow cell reactor at high current density, the concentration of
OH anions is so high to actually react with the gaseous CO2, lowering the available
amount of CO; for the electrolysis. These data suggest the complexity of the
selectivity in the CO2RR, since the current density indirectly influences also the
CO2RR catalysis®2. The current density is mainly determined by the electrochemical
setup, so different cell configurations would inevitably show different results even
with the same catalyst. Considering the relative turnover frequencies (TOF),
calculated considering the overall number of tin atoms in the catalyst, and the partial
current densities for formate (respectively, Figure 28c and d), we can assume the
best operational conditions for the CO2RR electrolysis are certainly in 1.0 M
KHCO;3 electrolyte, in which the TOF number is almost comparable with the one
obtained in the more concentrated 2.0 M.
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Figure 29: Chronoamperometry tests for stability evaluation. a) HCOO" production during time at -1.2
V vs RHE in 1.0 M KHCO3, b) current density, FEn2 and FEco along 15 hours at -1.2 V in 2.0 M KHCO:.

A detailed stability test gives further information about how the selectivity
changes in function of the amount of formate produced, Figure 29a. A test
performed at-1.2 V in 1.0 M KHCO3 shows a decreasing trend all along the 6 hours
of test for the HCOO" selectivity. After one hour of the test the total FEncoo- reaches
the highest value of 75.9%, and this data inevitably decreases hourly until the last
point on the sixth hour of 64.3%. Due to the nature of the setup, the electrolyte is
mechanically recirculating through a peristaltic pump during the test. All along the
experiment, HCOO™ concentration is increasing, likewise the hydrogen evolution
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and the overall current density. The formate is able to be preserved inside the
electrolyte without being re-oxidized in the anode compartment thanks to the CEM
employed in the experiment. In order to confirm such trend, an all-nightlong
experiment was performed at -1.2 V in 2.0 M KHCOs. As evidenced in Figure 29b,
the current density increases again parallels to the hydrogen evolution. Comparing
to the 6 hours test in 1.0 M KHCO3 and the previously published work in 0.1 M
KHCO:%! together with this last test of 16 hours, it seems that the increasing
hydrogen evolution and lowering of formate production is promoted working in
more concentrated electrolytes. This information confirms the 1.0 M KHCO3 as the
best electrolyte for operating conditions.
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Chapter 5

Zeolitic Imidazole Framework

The common characteristic among all the materials investigated as possible
catalysts for the CO2RR is the research of a strategy able to create single metal
active sites. For this purpose, the class of the Molecular Organic Framework (MOF)
is a perfect candidate, since each metal cation in the structure is stabilized by
organic ligands with a reciprocal electron density sharing. Generally, the MOFs are
retained materials suffering of poor stability in presence of water, a critical
drawback for the application of interest, in which the catalyst is facing a water based
electrolyte. Nevertheless, there is a peculiar subclass of MOFs which resemble the
typical geometry of the zeolite, the Zeolitic Imidazole Framework (ZIF), that are
perfectly stable once exposed to water. Among all the known ZIFs, one of the most
studied is the ZIF-8, this compound bear zinc cations as metal centres, shows highly
exposed internal surface and are employed in the gas separation/sequestration
technologies.

The ZIF-8 was preliminary studied as a zinc based catalyst for the possible
CO2RR catalysis. The investigation also continued in order to engineer the material,
which resulted highly dispersible in water solution, with the consequent detachment
of the powder from the current collector during the electrolysis and gas evolution.
In order to prevent the problem and additionally to increase the conductivity of the
catalyst, an innovative procedure englobing the Multi Walled Carbon Nanotubes
(MWCNT) was adopted, synthetizing a composite material in which the ZIF-8 was
able to grow on the MWCNT, eventually englobing them.

5.1 ZIF-8 synthesis

As anticipated, the ZIF-8 synthesis led to the formation of a material showing
interesting activity towards the CO2RR, nevertheless its catalytic activity was
decreased due to the high affinity of the catalyst with the water electrolyte. Indeed,
ZIF-8 powder is easily dispersible in water solution, which makes problematic to
work with a drop-casted electrode in such condition. As an optimization strategy, a
more hydrophobic environment should be built around the catalyst, in order to
decrease its affinity with the polar environment of the water electrolyte. Taking in
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consideration this aspect and the mutual interest on developing a more conductive
heterogeneous catalyst, the MWCNT were integrated in the catalyst.

All the reagents were purchased from commercial sources and employed
without performing further purification. Two different catalysts were synthetized,
the ZIF-8 without the presence of MWCNT, denoted as sZIF-8, and the one bearing
the MWCNT inside, denoted as sZIF-8-MWCNT, both using a new procedure in
water solution'?®. The s- present in both names stand for the employment of acoustic
waves during the synthesis in order to highly disperse the particles. The sZIF-8
synthesis, 1.1 g of 2-methylimidazole (Im, 13.4 mmol) and 591 mg of sodium
hydroxide (NaOH, 14.8 mmol) were dissolved in 30 mL of bidistilled water; such
basic pH involves the complete deprotonation of the Im molecule in their relative
imidazolates (Im’). In other separated 30 mL of bidistilled water, 500 mg of
[Zn(NO3)26H20] (1.68 mmol, Zn:MIm ratio 1:8) were dissolved. The latter
solution was then added dropwise to the former under continuous sonication, which
was kept cold by placing ice cubes in the sonication bath. Immediately after the first
drop, the limpid basic solution turned into a white colloidal suspension due to the
precipitation of Zn cations with Im™ counterions. Once the two solutions were
completely mixed, the sonication was kept for five minutes longer, in order to
further disperse the catalyst. The powder was then separated by centrifugation, it
was washed twice with water and a third time with ethanol to remove the excess of
Im/Im- and hydroxide. The final sample was eventually collected and dried under
vacuum until constant weight was reached. Only small aliquots of solvent were
employed for the purification, due to the high level of dispersion of ZIF-8 in polar
solvent like water. The sZIF-8-MWCNT was prepared using a similar procedure
but adding MWCNTs (50mg, 5% w/w) in the former basic solution and sonicating
for at least 30 minutes before the addition of the sequent solution bearing the zinc
salt. Sonication was performed in a cold bath which prevents the agglomeration of
MWCNTs during the dispersion step. The colloidal formation after the first drops
of zinc solution, was not clearly visible in this case of the sZIF-8-MWCNT, due to
the dark colour of the carbon source. At half of the salt solution addition, the
precipitation of MWCNTs together with ZIF became clearly visible. In addition, as
a reference material for the electrochemical comparison, a sample of bare
MWCNTs was sonicated in the same basic media with the imidazolate, washed and
dried for comparison.
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5.2 Physical and chemical characterization

5.2.1 ATR spectroscopy

The two samples sZIF-8 and sZIF-8-MWCNT were analyzed by infrared
spectroscopy in order to characterize the correct precipitation of the zeolitic
framework. The ATR spectra reported in Figure 30 shows a symmetric pattern for
both materials, thus demonstrating the formation of the ZIF also in presence of the
MWCNT. In details, the peaks at 3130 and 2923 ¢cm’! are caused by the C-H
stretching of the aromatic carbons, the signals at 1669 cm™ and 1590 cm™ are
respectively the C=C and C=N stretching modes of the imidazole. The three peaks
at 1456, 1415 and 1306 cm™! are the stretching of the entire ring and the 1146 cm’!
is the C-N stretching mode. The 993 and 749 cm™! can be assigned to the C-N and
C-H bending modes. The 693 cm™ is the ring-out-plane of the imidazole and the
final 645 cm™! of the interaction between Zn** cations with imidazolates, confirming
the correct formation of the framework. ATR investigation additionally underlines
further information by the absence of signals at 3393 cm™ and 3218 cm!, which is
translated in the missing involvement of Zn?" cations in inorganic species likes the
ZnO and Zn(OH); in the range of sensibility of the technique'?®.
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Figure 30: ATR spectroscopy of sZIF-8 sample (green line) and sZIF-8-MWCNT sample (blue line).
Reproduced with permission from ref. 125. Copyright © 2022, Elsevier Ltd.
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5.2.2 XRD

XRD analyses were performed on both the samples. As reported in Figure 31a,
the XRD patterns of sZIF-8 and sZIF-8-MWCNT were recorded and compared with
the VESTA simulated diffraction pattern of a centered cubic structure having a 43m
simmetry'”’ and with several experimental ones from different
publications!?%12%:130,
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Figure 31: XRD patterns of a) sZIF-8 (green line), sZIF-8-MWCNT (blue line) and related ZIF-8
simulated pattern from VESTA software (red line) and b) MWCNT after basic treatment. Reproduced
with permission from ref. 125. Copyright © 2022, Elsevier Ltd.

For sZIF-8 (green line), the diffraction peaks correspond to the ZIF-8 crystals
planes of both simulated (red line) and the ones reported in the literatures, indicating
the successful synthesis of highly crystalline ZIF-8. On the contrary, sZIF-8-
MWCNT (blue line) shows a different pattern in which the well-defined peaks are
partially covered by two broad bands at 13.97° and 26.13° with a minor contribution
at around 45°. The bands with a maximum at 26.13° and 45°, respectively, are
clearly associable with the main bands of MWCNT subject to the same treatment
without zinc salt (Figure 31b), while the band with a maximum at 13.97° is the
typical band reported in literature for amorphized ZIF-8'31:132133 Nevertheless,
minor crystalline peaks are still present, meaning that the prepared ZIF-8 is not
completely amorphous but rather a mixture of crystalline and amorphous regions.
The drastic decrease in crystallinity is clearly due to the presence of nanotubes and
a presumable 7- interaction of carbon nanotubes with the imidazoles which inhibit
the crystal growth during the synthesis'**. Due to nature of the application, the loss
of the crystallinity and the consequent porous area is not as criticality such as it
could be in gas separation/sequestration technology, since only the external sites
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are electrochemical active toward the possible reaction, thus hiding the inside sites.
Moreover, a lower crystallinity could induce greater defects a larger number of
active sites. However, this aspect has not been investigated.

5.2.3 TGA-EGA analysis

The thermal degradation was performed on both samples in order to define the
same degradation pathway, thus defining the coherent presence of a zeolitic
imidazole species for sZIF-8-MWCNT and excluding different inorganic form of
zinc.
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Figure 32: TGA and EGA for sZIF-8. Reproduced with permission from ref. 125. Copyright ©
2022, Elsevier Ltd.

The degradation of sZIF-8 occurs in two main steps (Figure 32) which
correspond to the two peaks of Gram-Schmidt curve, after 600°C. During the first
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degradation step, main degradation products are methane (peak at 3014 cm™), CO:
(band at 2340 cm™!), ammonia (peaks at 965 cm™ and 930 cm™!) and water (bands
centered at 3780 cm™ and 1595 cm™). After 680°C, two signals at 3336 cm™! and
3274 cm! increase in the intensity, indicating increasing amount of HCN vapor,
while the signals related to methane become less intense. During the second
degradation step at 800°C, degradation products are HCN, CO, water, ammonia
and CO (bands centered at 2142 cm™). During the isothermal steps at 800°C, the
products degradation composition remains unchanged but the overall spectra
intensity decreases. Residual weight of sZIF-8 at 800°C is 44%.
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Figure 33: TGA and EGA of sZIF-8-MWCNT. Reproduced with permission from ref. 125.
Copyright © 2022, Elsevier Ltd.

The degradation of sZIF-8-MWCNT is less defined but still two main steps can
be identified at 600°C and 800°C. The degradation products and their evolution
appear to be the same as those of sZIF-8 and the residual weight at 800°C is 57%.
The MWCNT presence seems to have no relevant effect on the thermal degradation
of sZIF-8. The coherence in the thermal degradation of the samples confirm the
presence of a ZIF species also in the composite material.
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5.2.4 FE-SEM

A morphological investigation was performed on both materials with the
electron microscopy revealing large differences between sZIF-8 and sZIF-8-
MWCNT samples. Indeed, sZIF-8 shows the typical rhombic dodecahedron
morphology of micrometrical particles!3>13¢137-138 (Figure 34a). The incorporation
of MWCNTs leads to drastic changes in both the size and morphology of the
particles (Figure 34b). During the precipitation and agglomeration of ZIF-8, the
MWCNTs were incorporated in the matrix. The dimension of the particles gets
lower reaching the nanoscale dimension and the typical rhombic dodecahedron
shape is totally lost eventually causing the material amorphization. Such
information perfectly matched with the less defined TGA degradation step and with
the loss of crystallinity on XRD pattern.

Figure 34: Electron microscopic images. a) FE-SEM images of sZIF-8 and b) sZIF-8-MWCNT.
Reproduced with permission from ref. 125. Copyright © 2022, Elsevier Ltd.

5.2.5 BET analysis

Because of the amorphization, the materials also differ for their porosity
(Figure 35a and b). sZIF-8 shows a high BET surface area and a large pore volume
mainly attributed to micropores, which is typical of well-structured ZIF-8'%. sZIF-
8-MWCNT displays a relatively lower BET surface area and pore volume, to which
meso- and macropores are the major contributors, confirming the significant
influence of MWCNTs incorporation on the ZIF growth. The detailed obtained
values are reported in the comparative Table 4 in which the two samples are
summarized.
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Figure 35: Isothermal linear plot of a) sZIF-8 and b) sZIF-8-MWCNT. Reproduced with
permission from ref. 125. Copyright © 2022, Elsevier Ltd.

Table 4: BET surface area and pore volumes of sZIF-8 and sZIF-8-MWCNT. Reproduced with
permission from ref. 125. Copyright © 2022, Elsevier Ltd.

Sample SBET Smicro VwMicro S(1.7-300) V(1.7-300)

(m* g') m?gh) | (em’g") | (m’g’) | (em*g?)
sZIF-8 1215 1189 0.58 17 0.02
sZIF-8-MWCNT 187 17 0.007 142 1.0

5.2.6 XPS

A detailed X-ray Photoelectron Spectroscopy (XPS) investigation provides
several information about the chemical composition of the ligand and of the zinc
center for both the sZIF-8 (Figure 36) and sZIF-8-MWCNT catalysts (Figure 37).
All the values reported were calibrated with the C1s adventitious carbon placing it
at 284.8 eV binding energy. The first parameter to consider is the Nls signals
coming from the imidazolate ligand. As we can see from the N 1s plot of sZIF-8
sample (Figure 36 top-left) the nitrogen signal is deconvoluted in two main
contributions: the C=N-C (399.1 eV) coming from the degenerate N~ of the
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imidazolate ligand Im™ and the C-NH-C (400.2 e¢V) of undercoordinated imidazole
Im which restores the amino group!?!. It is important to underline that, both for the
Im~ and Im molecules, the aromatic resonance present on the ring makes the
nitrogens equivalent between them; thus the only difference present would be
between the nitrogens sharing the negative charge in the ring (Im”) and the one
completely uncharged (Im). The presence of both the nitrogen coming from the Im-
and Im, suggests that there are undercoordinated imidazoles defects on the crystals
surface, coherent with their known thermodynamical stability by theoretical
investigation'®’. In the C 1s spectrum of sZIF-8 (Figure 36 top-right) several
contributions are necessary to fit the imidazole ligand. In details, the C-C (285.6
eV), C-N (286.4 eV) and n-n* (292.2 eV), additionally there is the adventitious
carbon, C adv. (284.8 eV), and its oxidized form, C-O-C (287.9 eV). In the region
of Zn 2p of sZIF-8 (Figure 36 bottom-left) the typical doublet of Zn is recorded.
The 2p3/2 signal requires two functions to be deconvoluted, the main Zn-N (1022.5
eV)!*! from the Zn coordinating the imidazolate ligand and a generic Zn-OH
(1021.6 eV) coming from undercoordinated Zn** sites which reacts to water in order
to balance the charge'?®!42, The water is actually coordinated as H-O molecule and
OH- ligands in order to balance the stoichiometry charge between the Zn>" and the
Im". The presence of these minority defects are important, indeed they define the
presence of a inorganic active species which can interact both with the CO2 and H"
in order to promote an electrochemical reaction. The binding energy of the Zn-OH
species is difficult to interpret, indeed the discrimination between the bonds
between Zn-O from ZnO and the Zn-OH from Zn(OH) it cannot be interpreted by
mere Zn investigation'*’. Moreover, in this scenario our supposition is to have only
zinc center coordinating on hydroxyl/water ligand together with three imidazolate,
not properly an inorganic form of ZnO/Zn(OH)., since from TGA, ATR there are
no evidence of such species. In order to better clarify this aspect, it became
fundamental the O 1s spectra analysis. Indeed, if the Zn signals does not
discriminate the ZnO/Zn(OH),, the O 1s such energy gap became important. As we
can see from Figure 36 bottom-right, the oxygen signal can be convoluted with two
function, one coming from the adventitious carbon oxidized (532.8 eV) already
identified by the C1s spectra and an additional OH-Zn peak at (531.5 eV)!®.

Same investigation is performed for the sZIF-8-MWCNT in Figure 37.
Looking to each regions, the differences are quite small between the two samples.
In the N 1s spectra of the sZIF-8-MWCNT, the ratio between the N-C and N-H is
indeed is lower compared to the sZIF-8. This evidences how the former is a more
defected material exposing more undercoordinated imidazolate, as confirmed also
by the FE-SEM images Figure 34. Analyzing the C 1s region, the presence of a
minor amount of adventitious carbon evidence the presence of a minor porous
volume of the material which reflects its minor capacity to adsorb molecules inside
it pores. Also the C-C signal is of higher intensity, due by the presence of MWCNT
inside the material.
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Figure 36: N1s, C 1s, Zn 2p3.2, O 1s region of XPS spectra of sZIF-8. Reproduced with permission from

ref. 125. Copyright © 2022, Elsevier Ltd.
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5.3 Ab initio Density Functional Theory

The modelling of the possible catalytic active sites on the ZIF-8 material,
detailed highlights the possible reaction pathways and the energies activation for
each products of each site. From the surface characterization techniques, we are to
identify two possible defects on the periodic structure, which possibly work as
active sites. The most abundant undercoordinated imidazole sites, partially
protonated in order to achieve the neutral surface, and secondary Zn sites in which
the fourth imidazoles is substituted by water. Under this perspective, both the active
site were modelled by DFT.

5.3.1 Imidazole-imidazolate pair free surface

Starting with the imidazolate sites, recent studies have proven that CO; can
form a covalent bond to them by forming a Lewis acid-base adduct in which the
CO2 molecule is bent!*!% Here we exploit such finding and prove that the
activated CO; molecules can be further reduced by subsequent electrocatalytic
steps. The ZIF-8 material acts as an ordered and robust imidazole-based structure
in which Zn** cations have the role of anchoring the imidazolate anions'# in an
ordered crystalline arrangement. In order to model and study the catalytic site, a
proper facet of the ZIF-8 material must be chosen. The low-index ZIF-8 (110) facets
resulted to be the most stable among all the possible facets'*:'*® and their
prevalence in rhombic dodecahedron crystals, like the one experimentally
observed!3®137:135.138 'The CO,RR electrochemical tests are performed always in a
buffer pH solution having different concentration of KHCOs3. Once saturated with
the CO», even the more concentrated 2M KHCO3 shows almost neutral pH or at
least slightly acid condition, so it is plausible to investigate imidazole/imidazolate-
terminated ZIF-8 (110) surfaces, which recent computational investigations proved
the thermodynamical stability of this surface termination in such pH range'*’. In
this configuration the ZIF-8 (110) surfaces expose imidazole (*L-H) - imidazolate
(*L) pairs (in which the * indicates the underlying ZIF-8 structure) as represented
in Figure 38a. The *L-H and *L species coordinate Zn>" species which are 6.02 A
apart. This configuration is stabilized by a hydrogen bond (HB) established between
the hydrogen atom of the *L-H and a nitrogen atom of the nearby *L.

Due to the nature of the sZIF-8-MWCNT to integrate inside the material
MWCNT, their presence on the material was also modelled. The effect of the

carbon nanotubes was modelled by interfacing two ZIF-8 clusters of different sizes
(ZC1@CNT and ZC2@CNT) with a metallic (8x8) carbon nanotube (Figure 38b
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and c). Smaller ZIF-8 clusters (ZC2@CNT) appear to be relevant to investigate size
effects on the electrocatalytic performances.
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Figure 38: Simulated ZIF-8 structures: a) ZIF-8 (110) surface, b) ZC1@CNT and, ¢) ZC2@CNT. Color
code representation: orange for zinc atoms, cyan for carbon atoms, blue for nitrogen, dark grey for CNT
carbons. Reproduced with permission from ref. 125. Copyright © 2022, Elsevier Ltd.

Since the stable ZIF-8 surface at operative reduction conditions exposes the
*L-H/*L termination and knowing that CO> can covalently bind to imidazolate
species, we suggest and study the following CO2RR mechanism:

CO; + 2H+ + 2e- —» CO + H,O
Which unfolds into three steps,
*L---H-L* + CO2 — *L-COO---H-L* Equation 18
*L-COO---H-L* + (H+ + ¢) — *L-COOH:--H-L* Equation 19

*L-COOH---H-L* + (H+ + &) — *L---H-L* + CO+ H,0  Equation 20
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yielding CO and H»O. In the first step (Eq.8) a Lewis adduct *L-COO is formed
in which the imidazolate nitrogen atom acts as Lewis base while the CO, as Lewis
acid. Then two electrochemical reduction proton-electron coupled steps (Eq. 9 and
10) occur, which lead to the release of the final products (CO and H>O) and
consequent regeneration of the active surface. Such pathway presents an analogous
mechanism of a previous study, in which the CO2RR reduction is completely
performed without using the CO» dissolved in the electrolyte, or directly in the gas
phase, rather in the form of carbamate bonded to the monoethanolamine'#.
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Figure 39: CO2RR pathway forming CO and H:0 on ZIF-8 (blue line), ZC1@CNT (red line) and
ZC2@CNT (green line) at U = 0 V vs RHE. Reproduced with permission from ref. 125. Copyright ©
2022, Elsevier Ltd.

Figure 39 shows the calculated free energy profile of the CO; electrochemical
reduction reaction to CO and H>O at U = 0 V vs RHE considering the
imidazole/imidazolate sites. The blue path corresponds to CO2RR on ZIF-8 (110)
surface (named ZIF-8), while the red and green lines represent the reduction steps



97

on ZC1@CNT and ZC2@CNT, respectively. In all pathways, the first reaction
step, 1.e. the nucleophilic addition of N"moiety to CO» is spontaneous (AG.co2-xcoo
< 0). Upon the formation of *L-COO adduct, a C-N bond 1.569 A long is formed.
Consequently, the CO2 molecule is bent (OCO angle of 134.39° degrees) and
activated for subsequent reduction. This configuration is further stabilized by an
HB between the *L-COO group and the nearby H-L* ligand. Such results evidence
the great advantage of the CO> chemical activation compared to the high-energy
electrochemical step. For all three pathways, we found a similar energy trend which
highlights that the overall reaction is not spontaneous at U = 0 V and a negative
onset potential (Uj,s.;) must be applied. The first electrochemical reduction step
(AG.coo-+coon) 1s uphill and it determines the UJ,,.; of the reaction for all
considered model structures. The energy needed to convert *COO to *COOH is
markedly higher on the ZIF-8 surface (AG.coo-+coon = 1.95 €V) compared to that
on the CNT supported ZIF-8 system (AG.coo-xcoon = 1.45 eV for ZC1@CNT).
The presence of a metallic CNT support appears to facilitate the first proton-
electron transfer to the *COO intermediate and decreases the |UJ,,c.¢| of about 0.5
eV. A further |U},s.:| decrease is observed by reducing the ZIF-8 cluster size in
contact with the CNT (ZC2@CNT). Indeed, in the reaction path of the latter system
Ul,ser 1s decreased to 1.27 eV, suggesting that a smaller ZIF-8 structure, and thus
a closer proximity of the active site to the CNT surface, further improves the
efficiency of the overall catalytic performances of the ZIF-8/CNT system.

5.3.2 Water coordination by Zn*" sites

Despite the more stable surface exposing undercoordinated imidazole ligands,
it is possible that in aqueous environment and at experimental conditions the ZIF-
8 surfaces present defective Zn sites, not fully coordinating terminal Im”/Im ligands,
which react with water bonding to OH/H>O species, as suggested by XPS spectra
(Figure 37). For this reason the reactivity of a ZIF-8 facet exposing zinc centers
saturated with OH/H,O was studied. The Zn-OH species experimentally observed
have been studied by DFT simulations to investigate their activity towards CO.RR
and the competitive HER. In this perspective, we considered the charge-neutral
surface ZIF-8 (110) terminated by hydroxyls (*OH) and water (*H>0O) species
coordinated to Zn atoms (Figure 40). The ambivalence of OH/ H>O ligand comes
from the charge compensation required to compensate the Zn cations which are
present together with the imidazolate ligands with a stoichiometry of Zn**: Im™ —
1:2.



98 Zeolitic Imidazole Framework

Figure 40: Simulated ZIF-8 (110) surface terminated by hydroxyl anions and water molecules. Color
code representation: orange for zinc atoms, cyan for carbon atoms, blue for nitrogen, red for oxygens

atoms. Reproduced with permission from ref. 125. Copyright © 2022, Elsevier Ltd.

*H U=0Vvs.RHE

Co,

Figure 41: CO:RR and HER on ZIF-8 (110) surface terminated by hydroxyls and water species: panel
a) displays the free-energy profiles for HCOOH (red line), Hz (grey line) and CO (blue line) at U=0V
vs RHE; panel b), ¢) and d) represent *OCHO, *H and *COOH intermediates, respectively. Color code
representation: orange for zinc atoms, cyan for carbon atoms, blue for nitrogen, red for oxygens atoms.
Reproduced with permission from ref. 125. Copyright © 2022, Elsevier Ltd.
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At the surface, Zn atoms must expose an undercoordinated site to be directly
involved in reduction process and the coordinative vacancies can be formed through
the exit of one ligand. Water molecules are known weak ligands, easily replaceable
by incoming species, on the other hand, hydroxyl anions are species strongly

bonded to the metal and must protonated to *H>O in order to unlock the active site.

*OH-*H,0
onset

The calculated energy U corresponding to the protonation step of hydroxyl
anion is of -1.50 V, a higher value compared to the operational condition (-1.2 V).
For this reason, the catalytic pathway involving water de-coordination will be

considered.

We considered the CO; conversion to Ci-products, i.e. formate (HCOOH) and
carbon monoxide (CO), as well as the molecular hydrogen (H>) production on Zn
atom coordinating a water molecule. Figure 41 shows the free energy profiles of the
three above-mentioned reactions at U = 0 V vs RHE employing solvation energy
corrections®®!%%, For all the three pathways, the first electrochemical reduction step,
which leads to the adsorbed intermediate, is uphill and it determines the U}, s..0f
the reaction, highlighting that ZIF-8 (110) surface terminated by water molecules
is selective towards formic acid. Such results is experimentally coherent with the
small value of formate detected during the electrolysis and to the restricted amount
of Zn-OH sites registered.

In summary, from a theoretical point of view, it is anticipated that ZIF-8 based
electrocatalysts would present two possible kinds of active sites, the main
molecular, one originating from the Im and Im™ pair selective for CO production,
and a secondary one, in which Im and Im~ have been substituted by OH/H>,0
ligand, selective for HCOO".

5.4 Electrochemical performances

All the electrochemical tests were performed on a micro flow cell reactor
bearing a Nafion PEM. The reported potentials are always referred to the RHE.

Preliminary tests investigation were performed on a batch cell reactor having a
Nafion PEM as separator between the two chambers. The sZIF-8 and sZIF-8-
MWCNT electrodes were tested in a 0.1 M KHCO3 solution, showing the best
selectivity of 48.7% and 65.7%, respectively for the CO2RR (FEco2rr) at -1.2 V for
both the samples. For the former, parallel to a lower FE also a lower current density
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of 5.7 mA cm™ is reached, moreover characterized by poor stability of the
electrolysis. Such low current density is due to the intrinsic low electrical
conductivity of ZIF-8'%! and the stability is correlated to its strong interaction with
the polar electrolyte. sZIF-8 catalyst detaches from the gas diffusion layer (GDL)
substrate during the electrolysis leading to the support exposure to the electrolyte,
which inevitably favors the hydrogen production'>2. Such problem does not occur
with the sZIF-8-MWCNT catalyst, which results firmly attached to the electrode
and shows a higher current density of 7.0 mA c¢cm™ in the same batch cell setup.
MWCNT introduces hydrophobicity to the material, which prevent its detachment
from the electrode all along the electrolysis.

Once the better experimental performances of the sZIF-8-MWCNT had been
established, the catalyst was further tested in a flow cell configuration having the
electrolyte recirculation. Several concentrations of KHCO3 water solution (0.1, 0.5,
1.0 and 2.0 M) and at different potentials (-1.2, -1.0 and -0.8 V) were combined in
order to establish the best operational condition. The complete information about
relative selectivity and current densities is plotted in Figure 42. A more compact
plot which reports only the FEcozrr of different electrolyte at -1.2 V vs RHE is
plotted in Figure 43a. Such plot evidences the current density increases parallel to
KHCO3 concentration at each potential, the same for the FEn2 and FEncoo- with the
exception of the 0.5 M value, where lower hydrogen evolution was registered.
Indeed, the highest selectivity is reached in 0.5 M KHCO3, with FEco of 65.8% and
total FEcozrr of 70.4% at -1.2 V (Figure 43a). However, despite the great
selectivity, this electrolyte leads to a lower current density (Figure 43a, red line)
compared to the more concentrated ones (1.0 and 2.0 M). Taking into account the
overall electrode activity at the same potential (Figure 43b), the 1.0 M KHCO;3
results in the highest turnover frequency number (TOFcozrr) value of 230.4 h'!
(Figure 43b) considering the number of N atoms forming the active site. Another
observation can be extrapolated from Figure 43a about the secondary product
HCOO:'. It is indeed visible that FEncoo- grows parallel to the KHCO3 concentration
in the electrolyte. Since the DFT modelling predict the formate production in
presence of surface Zn sites coordinating the OH/H2O ligands, it is plausible that
in an electrolyte having a higher dielectric constant, i.e. more salt dissolved, the
dissociation of the coordinated water molecules can be easier with a better shielding
of zinc charge.
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Figure 42: Chronoamperometric tests in different electrolytes and potentials. a) 0. a) 0.1 M KHCO3, b)
0.5M KHCOs, ¢) 1.0 M KHCO3, d) 2.0 M KHCO3. Reproduced with permission from ref. 125. Copyright
© 2022, Elsevier Ltd.

To evaluate the best conditions of stability and operability of the
investigated catalyst, several prolonged electrolysis tests were performed on the
sZIF-8-MWCNT catalyst. A 20-hour test at -1.2 V vs RHE in 0.1 M KHCO3 shows
a good retention of selectivity along all the hours, in terms of both selectivity,
current density (Figure 43c) and CO production rate (Figure 43d) with a value over
the 0.05 mmol h™! em? at-1.2 Vin 0.1 M KHCO:s. A different stability test of more
than 40 hours was instead tested in 1.0 M KHCOj3 electrolyte (Figure 43e and f).
After the highest value of 0.13 mmol h™! cm? registered in the first few hours, a
quite stable value of 0.8 mmol h! cm™ was obtained in the remaining time, showing
only a minor rise with time due to the accumulation of formate in recirculating
electrolyte. Considering instead the current density, a significant and constant
increase occurs all along the measurement. Such effect it was a constant attitude
registered all along several tests in such electrolyte. The reason of this phenomena
is still of active debate. We encountered this trend only on non-conductive
materials, e.g. no metallic species. This can involve that, all along the measurement,
the material change its characteristic becoming more conductive, e.g. catalyst
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deactivation and metallic particles formation. Anyway, such behavior must be
clarified throughout in situ characterization under bias.
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Figure 43: Semi-flow cell CO2RR investigation on sZIF-8-MWCNT electrodes. a) FEs and current
densities at -1.2 V in different electrolyte compositions and b) the relative TOFs. Stability test in 0.1 M
KHCOs at -1.2 V vs RHE ¢) FE and current density as a function of time and d) CO production rate
during a 20-hour stability test. Stability testin 1.0 M KHCOs at-1.2 V vs RHE e) FE and current density
as a function of time and f) CO production rate during a 40-hour stability test. Reproduced with
permission from ref. 125. Copyright © 2022, Elsevier Ltd.
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As a counterproof of the role of the imidazole supported on ZIF-8 catalyst,
an electrode composed only by treated MWCNTs was tested at the same conditions
and showed no selectivity for the CO2RR, producing only H>. Hence, it is possible
to state that ZIF-8 and MWCNTs play synergic roles in the CO2RR, in which the
former provides selective and active imidazole-imidazolate sites able to perform
the catalytic and electrocatalytic reduction of CO2, while the MWCNT favors the
electrical conductivity of the catalyst increasing also the overall stability.
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Chapter 6

Electrografted Cu-porphyrin

In all the previous chapters, several different approaches were investigated in
order to prepare single metal active site catalysts for the CO,RR. The doped
polyanilines are the materials most resembling this strategy, unfortunately they
resulted characterized by a low activity. The doping approach mimed the chemical
nature of the metal organic complexes, in which a cation coordinates the organic
ligands being stabilized and electronically enriched. In the doped polyaniline, a lot
of effort was pushed to produce a similar structure. The organic ligands are
substituted by the entire polymer, in which the organic functionality is being
coordinated by the cations. In order to study a more solid and functional approach,
the concept of single metal active site was reconsidered coming back to the
canonical approach of metal organic complex as single metal active site.

As mentioned in the introduction, the metalloporphyrins reside a special place
among the possible metal organic complexes known for the electrochemical
conversion of CO», due to their stability and activity. For this reason, a 5,10,15,20-
Tetrakis-(4-aminophenyl)-porphyrin (TAPP) complexed by Cu®" cation was
investigated as model catalyst. The typical application of metalloporphyrins for
CO2RR is in homogeneous conditions, i.e. with the catalyst dissolved in the
electrolyte. Due to the chemical nature of these molecules, water is not a possible
solvent to dissolve the major part of these catalysts, as a consequence the
employment of organic solvents is the most known approach. The organic
electrolytes show significant limitation, reason to drive all the investigation to some
new approaches in order to avoid the catalyst dissolution and consequently work
with water-based electrolyte.

In the simplest approach, the catalyst was deposited on a GDL, by drop
casting, after being dispersed in an iPrOH solution forming a slurry. Due to the
highly hydrophobic nature of the porphyrin, the catalyst remains perfectly attached
on the GDL support once facing the water electrolyte, even during the electrolysis
and consequent gas evolution. A more elaborate strategy was then investigated
involving not a deposition of catalyst powder on the substrate, but rather than an
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actual covalent bond between catalyst and carbon support through the
electrografting. This method would lead to reach only a molecular layer of catalyst
and thus avoiding its stratification. The electrografting was performed by the
oxidation of the aniline substituent which eventually led to the formation of a C-N
covalent bond'**. The reaction mechanism reported in Figure 44 from the work of
Buriez et. al'>* shows how under a positive bias, the electrochemical oxidation of
the aromatic amino group produces the relative radical cation. Being the
electrochemical process evolved in a base solution, the radical cation rapidly reacts
with the organic base generating a neutral radical on the amino group. Such species
is extremely reactive and concentrated in the first layer of the electrode where the
oxidation occurs, thus will mainly react with its surface. In the cited work, a
functionalized ferrocene complex bearing the before mentioned aniline substituent,
was able to be electro grafted on several surfaces of carbon, platinum and gold.

Figure 44: Electrografting mechanism of amino group oxidation. Reproduced with permission from ref.
153, Copyright © 2008 Elsevier B.V.

The choice of the TAPP as model porphyrin of the investigation comes from
the necessity to have a catalyst bearing the aniline functionality. Such molecule is
commercial and its complexation with copper cations was performed before to
proceed with the electrografting. The electrografting was firstly performed by
cyclic voltammetry technique on two different forms of carbon supports: the carbon
paper (CP) and the GDL. The former is a mixture of carbon nanofiber filled with
carbon nanoparticles which makes the substrate gas-permeable; once an additional
hydrophobic layer (PTFE dispersion) is added to the CP, the resulting hydrophobic
electrode becomes a full GDL. Only once the catalyst layer is deposited to the latter,
the full Gas Diffusion Electrode is completed.

The cyclic voltammetry resulted a slow method to reach a homogeneous
coverage of the CP electrodes. Instead, on GDL substrate this technique failed, not
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showing any trace of catalyst bonded. The grafting procedure by cyclic
voltammetry was thus substituted with the chronoamperometry technique, in which
a fixed oxidative potential led to a homogeneous functionalization of both
substrates (CP and GDL), adjusting the operative time in the range tens of seconds
in accordance to the nature of the substrate and its dimension (details reported in
the next sessions). In order to evaluate the stability of the catalyst and to proceed
with an ex-situ characterization of the active sites, several other substrates were
evaluated. In details, the glassy carbon (GC) and highly ordered pyrolytic graphite
(HOPG) supports were electrografted, tested and re-analyzed in order to better
understand the chemical nature of the active sites. The choice of these supports
comes from their highly ordered morphology which makes clearer the ex-situ
investigation.

6.1 Physical chemical characterization

6.1.1 UV-Vis spectroscopy

The 4-aminophenyl porphyrin, TAPP, was purchased from Merck and utilized
without further purification. In order to complex the molecule with copper cations,
200 mg of TAPP were dissolved in MeOH inside a reaction flask, then an excess of
1.5 mol of Cu(NOs3), was added into the solution, Figure 45. The reaction happens
instantaneously at room temperature once the copper salt is added to the TAPP. The
violet colour of the solution rapidly turns into an intense red. The glassware was
then connected to a refrigerator and the solvent placed at reflux temperature for 2
h. The solvent was evaporated using a rotovapor and the excess of copper salt was
removed with several washing with deionized water. The purple powder was dried
in the oven until constant weight.
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NH,

TAPP CuU-TAPP

Figure 45: TAPP chemical reaction with copper salt.

In order to characterize the complete reaction with the copper center, the
UV-Vis spectroscopy was performed on solutions. The TAPP and CuTAPP
powders were dissolved in NMP solvent and analyzed in the range of 300 — 1000
nm. The TAPP presents a C> symmetry in which the four nitrogen atoms at the
center of the molecules are not degenerate. Once the coordination occurs, the two
pyrollic hydrogen atoms are dissociated forming a TAPP? specie, consequently,
the four nitrogen atoms become degenerate, thus increasing the symmetry of the
molecules to a C4. The increased symmetry influences the orbital levels of the
molecule and the consequent electronic transitions. In Figure 46a, the UV-Vis
spectra of NMP dissolved TAPP and CUTAPP compounds are reported. The main
transition around the 400 nm is named Soret band, and it is the most intense
transition for all the porphyrin. Between TAPP and CuTAPP, the Soret band shows
a slight wavelength shift due to copper coordination. For the TAPP, four additional
transitions are present (magnified in the inset) and schematized in Figure 46b. They
are named Q bands and B bands and come from the transitions among the HOMO,
HOMO-1, LUMO and LUMO-1 orbital levels. Once the molecule is complexed,
CuTAPP, the C4 symmetry makes those orbitals pair degenerate, generating only
two possible transitions and consequently bands, as reported in the inset of Figure
46b for CUTAPP'>*. The UV-Vis spectroscopy indeed evidences the correct total
coordination of the porphyrin by the copper cation since the loss of the four Q and
B bands is substituted to two new bands.
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Figure 46: a) UV-Vis spectra of TAPP and CUTAPP in NMP solution. b) schematic representation of the
four possible Q and B transitions on TAPP molecules.

The UV-Vis absorption spectroscopy clarified the chemical nature of the
porphyrin priory to its electrografting; once covalently bonded to the surface by
electrografting, there is no further knowledge of its chemical state. For this purpose,
the UV-Vis spectroscopy in reflectance mode bearing the integration sphere helps

to investigate the UV-Vis absorption on the molecules electrografted on the
support.
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Figure 47: UV-Vis spectra in reflectance mode of electrografted supports: GC, HOPG, CP and GDL.

The same investigation was performed on all the electrografted supports:
CP, GDL, GC and HOPG. If the UV-Vis spectroscopy in absorption mode furnishes
detailed and clear spectra, in case of reflectance mode the information is noisier and
more difficult to interpret. This occurs also considering the morphology of the
samples, which are not flat, but rather rough and three-dimensional according to the
specific carbon support. In Figure 47, all the four spectra of GC, HOPG, CP and
GDL electrodes, after being electrografted, are reported after being processed with
the Kubelka Munk function. The spectra show several differences due to the nature
of the support, nevertheless is possible to identify one main Soret band and the two
minor Q bands in any support, analogously to the absorption mode obtained spectra.
The case of GC and GDL are the one more resembling the spectra obtained in the
solution. In general, for all the four spectra, variations on the maximums
wavelength are reported. This is also caused by the low resolution of those peaks.
Nevertheless, in all the samples it was possible to identify the correct grafting of
the porphyrin and its chemical state bearing the copper cation.
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6.1.2 XPS

XPS analysis resulted to be a fundamental technique in order to distinguish the
copper present as metallorganic complex and as the possible different inorganic
form, i.e. metal/metal oxide, on the grafted electrodes. Moreover, XPS analysis
further provides stability information about the active site once the analysis is

repeated after the electrolysis, i.e. ex situ.

a) Cu 2p
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Figure 48: XPS spectra Cu 2p region of a) CuTAPP-CP, b) CuTAPP-GC and ¢) CaTAPP-HOPG.

The XPS analysis was performed directly pointing the X-Ray source on the
surface of the electrografted electrodes, actually analysing the porphyrin being
grafted on the support in its real condition rather than as mere powder.

From XPS analysis it is possible to collect the information of C 1s, N Is, O Is
and Cu 2p. Due to the complexity of the molecule, the main source of information
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comes from the nitrogen and copper signals. In Figure 48, the plot of the Cu 2p
spectra for all the three electrodes CuTAPP-CP, CuTAPP-GC and CuTAPP-HOPG
are reported. These spectra are the ones of the virgin samples, being electro-grafted
and not yet been tested for the electrolysis.

The reported Cu 2p regions of the virgin electrodes show a similar pattern for
each grafted support. As evidenced in Figure 48, in each spectra are present the
typical pair of peaks of Cu around 955 and 935 eV (coming from the 2p12 and 2p3,2
orbital) together with their satellite signals. The detailed values of the main peaks
of each support are reported in the Table 5 together with the reference values of the
inorganic Cu, Cu;0, CuO and Cu(OH),!"'. Qualitatively, the presence of the
satellite peaks suggests a Cu®" specie. Moreover, the intensity of the satellite signals
is lower compared to the main peaks of almost a third. In CuO and Cu(OH): species,
the intensity of the satellite signals is instead comparable to the main peaks,
suggesting that for the electrografted electrodes a different Cu?>" compound is
involved. This information is also confirmed by the Cu2p and Cu LMM values
reported in the Table 5. The registered Cu 2p peaks for the grafted samples defer
from the Cu, CuO and Cu;O reference values, while there is a good match instead
with the Cu 2p data of the copper hydroxide. Although, a great mismatch is present
for the Cu LMM peak signal of the latter, confirming the presence of a not inorganic
Cu?" compound.

The experimental values are indeed similar to the reported literature of Cu?*-
tetrakisphenyl porphyrin (TPP) and Cu-tetrakis(pentafluorophenyl)porphyrin
(CuTPP(F)), which bears indeed Cu®" species and thus justifying the presence of
copper as metal organic complex!®>.

The N 1s spectra of the grafted electrodes is also highly informative and
confirms the presence of the electrografted porphyrin, Figure 49. Indeed, in all the
different grafted substrates, the main contributions of the four degenerate pyrollic
nitrogen complexing the Cu?" cations (namely N4*), the four aromatic amine
substituents (N-H (aniline)) and the N* satellite typical of the porphyrin samples
are recorded. Such information gives us knowledge of the correct grafting of the
organic compound and moreover its complexation as metallorganic CuTAPP!>>156,
Indeed, the absence of the contributions at 397.8 and 399.4 eV coming from the
two pairs of protonated and un-protonated pyrroles, confirm that the Cu" cations
completely coordinate the porphyrin'®’, Table 6.
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Table 5: Cu 2p3.2 binding energy, Cu L3M4,sMa4s kinetic energy, Auger Parameter (o’) of reference
materials (a)!°!, of the electrografted samples CuTAPP-CP, CuTAPP-GC, CuTAPP-HOPG, and the
reference'>> CuTPP and CuTPP(F) samples (b).

Cu LMM Auger

Cu2 eak
Compound " “P32P peak maximum b Auier V)
i arameter (e

maximum E, (eV) £, (eV) (
aCu 932.6 918.6 1851.2
?Cu,0 932.2 917.0 1849.2
aCcuo 933.8 917.6 1851.3
2 Cu(OH), 934.7 916.3 1850.9
CuTAPP-CP 934.8 914.3 1849.1
CuTAPP-GC 935.0 914.9 1849.9
CuTAPP-HOPG 934.8 914.5 1849.3
®cuTPP 935.2
®CuTPP(F) 935.7

Further contribution is the NO; group at high binding energy, partially
present in all the samples, with the exception of grafted CP. Such chemical group
could be induced by the partial oxidation of the amino aniline group during the
electrografting at positive potential. Finally, a further signal of interest, completely
missing from the comparing literature, is the one registered at 402 eV. Such value
is expected to be the one coming from the bond form from the nitrogen radical to
the conductive carbon support (namely N (cond. C)). The high conductivity of the
support indeed rises the binding energy of this peak, which partially shifts due to
the different nature of the carbon support. This information further elucidates the
covalent bond between the catalyst and the carbon support.
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Figure 49: XPS spectra N 1s region of a) CaTAPP-CP, b) CuTAPP-GC and ¢) CuTAPP-HOPG.

Table 6: N 1s binding energy of reference materials (a), TAPP, Zn-TAPP!*’ and of the electrografted
samples CaTAPP-CP, CuTAPP-GC, CuTAPP-HOPG.

*TAPP ®Zn-TAPP  CuTAPP-CP  CuTAPP-GC CuTAPP-HOPG

-N=(TAPP) 397.8 - - - -

N> - 398.4 398.6 398.7 398.7

N-H (aniline) ~ 399.4 399.8 399.6 399.7 399.9
N-H (TAPP) 400.0 - - - -

N* 401.6 401.5 400.6 400.7 400.9

N (cond. C) - - 402.0 402.5 402.7

NO, - - - 406.0 406.1
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6.1.3 FE-SEM

Through the electron-microscopy, the surface of the grafted electrodes was
investigated both previously and after the electrochemical test as ex-situ
characterization. In Figure 50 are reported three different magnifications of three
different CP electrodes after being electrografted. In the first column are reported
three different regions of a virgin CP, i.e. without electrografting. Respectively in
the second and third columns are reported two grafted CPs respectively at +0.5 V
and +0.8 V vs Ag/AgCl.

Figure 50: FE-SEM images of three different electrodes at three different magnifications. a,d,g) virgin
carbon paper electrode, b,e,h) carbon paper electrode grafted at +0.5 V vs Ag/AgCl by CA and c,f,i)
carbon paper electrode grafted at +0,8 V vs Ag/AgCl by CA. All the potential are reported vs Ag/AgCl
reference electrode.

As it will be discussed in the next session, at +0.5 V vs Ag/AgCl starts the
oxidation of the amino group, which causes the -electrografting. If by
chronoamperometry technique a homogeneous coverage of the electrode was
already reached at +0.5 V, in the case of cyclic voltammetry electrografting, such
coverage was reachable only pushing the bias to +0.8 V. In Figure 50 both the
electrodes prepared by chronoamperometry at +0.5 V and +0.8 V are reported. First
line is a magnification of different electrodes at a micro scale, second and third lines
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show a specific regions having carbon nanofibers and carbon nanoparticles
respectively.

a) b)

c) d)
Figure 51: EDX mapping of copper and nitrogen atoms. a) and c¢) N atoms from electrodes +0.5 V and
+0.8 V, b) and d) Cu atoms from electrodes at +0.5 V and +0.8 V vs Ag/AgCl.

As we can see, there is no actual covering of the original surfaces of the grafted
electrode, which expose the same morphologies, with the exception of the new
obtained roughness of the electrode, which clearly expose both the carbon nanofiber
and carbon nanoparticles of the original electrode. Only increasing the
magnification at a high value, it is possible to distinguish a homogeneous roughness
all over the carbon nanoparticles which do not modify their size, rather change the
actual surface. Shifting the grafting potential from +0.5 V to +0.8 V, causes a more

evident roughness on the electrode, showing asperities of higher dimensions. FE-
SEM characterization evidences how the electrografting approach does not cover
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the carbon support like any other deposition technique, precisely because only the
minimal amount of molecule can be bonded on the surface of the electrode, do not
allowing any other progression in its grafting.

In order to evaluate the actual presence of the metal organic complex, also
the Energy-Dispersive X-ray spectroscopy (EDX) was performed on both the
electrodes. In Figure 51, the nitrogen atoms (Figure 51a and c¢) and copper atoms
(Figure 51b and d) mapping are reported. The left column images are the ones
obtained from CuTAPP-CP prepared at +0.5 V, the right column instead at +0.8 V.
As we can clearly see, the metal complex is homogeneously spread all over the
electrode without forming significant agglomerates, suggesting the presence of a
perfectly homogeneous distribution of grafted complexes. Switching the potential
from +0.5 V to more positive bias like the +0.8 V does not present any significant
variation in the atom distribution from EDX images.

6.2 Electrochemical characterization

The electro-grafting methodology was firstly studied by cyclic voltammetry
investigation as reported in the previous publication of Buriez et. al'>}. The
experiment was performed on a mono chamber cell in which, a carbon paper foil
was place as working electrode, a Pt foil as counter electrode and finally an
Ag/AgCl electrode as reference. The cell was filled with a 0.1 M LiClO4 anhydrous
methanol solution.

A preliminary voltage scan was performed in the range of -0.2 V to +0.8 V with
100 mV s of scan rate in order to evaluate the blank capacitive current of the
electrode, Figure 52 black line. Successively the triethylamine (TEA) was added
inside the electrolyte, reaching a title of 25 mM (red line) and also CuTAPP,
reaching a 0.5 mM title (blue line). As we can see in Figure 52a, the oxidation of
the TEA starts around the +0.6 V vs Ag/AgCl (magnification reported in Figure
52b) and does not reach a plateau. The CV in presence of the porphyrin shows an
oxidative peak previously to +0.5 V and a negative one close to zero V.
Interestingly, both the peaks are irreversible and they completely disappear on their
second cycle. Pushing the scan rate at high value of 1 V s™! it is possible to maintain
these peaks for an interval of 2/3 cycles, suggesting the occurring reaction is
exhausted already in the lifetime of the first cycle. The formation of the radical
occurs therefore around +0.5 V, the minimal potential required in order to achieve
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the grafting. The first CP electrodes were prepared by CV technique repeating
several cycles in the range of +0.5 V to -0.2 V vs Ag/AgCl. The correct electro-
grafting of the CuTAPP complex was firstly monitored simply looking to the
electrode (Figure 53), since a strong blue color appears on the surface, and then
verified by UV-Vis reflectance spectroscopy. Since the strong color of the
porphyrin, once the black electrode is perfectly grafted, a homogeneous blue
deposition appears on the electrode, which results indissoluble to organic solvents
like methanol, acetone, acetonitrile. Generally, the correct grafting process on CP
electrode with voltammetry scan reaching the +0.5 V vs Ag/AgCl resulted to be
quite struggling, requiring excessive amount of cycles (around 200) in order to
reach an homogeneous deposition. Pushing instead the potential to higher bias like
+0.8 V, resulted to be more performant and faster, requiring a smaller amount of
cycles and a better coverage. The electrografting process through cyclic
voltammetry completely failed once the support was changed from CP to GDL.
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Figure 52: Cyclic Voltammetry of CuTAPP solution (0.5 mM) inside a 0.1 M LiClO4 methanol solution
with 25mM TEA base. a) complete cyclic voltammetry, b) magnification.

Further experiments were than performed switching from cyclic voltammetry
to chronoamperometry as grafting technique. Indeed, once the chronoamperometry
was placed at the correct bias of +0.5 V vs Ag/AgCl inside the same type of solution
and setup, a more homogeneous preparation occurs actually reducing the
preparation time to few seconds or almost a minute in case of larger electrodes.
Chronoamperometry grafting resulted to be more efficient also regarding the
substrates, making it possible to actually graft the GDL. The same operational
procedure was performed on different substrates as reported in Figure 53, in which
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in order a CP, a GDL, a GC and a HOPG electrode were electrochemically grafted
by the CuTAPP.

Figure 53: CuTAPP electrografted electrodes. In order, a) CP support, b) GDE support, ¢) GC
support and d) HOPG support.

6.3 Electrochemical performances

The electrochemical performances of the grafted electrodes were deeply
investigated with several approaches. Among all the employed supports, only CP
and GDL were investigated in the electrolysis setup. In details, the CP was
employed in a batch cell configuration, in which the electrode was immersed inside
the electrolyte and the CO; was also bubbled inside it, while the GDL was tested in
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a flow cell reactor in which the CO> flow passes backbone the electrode. The first
electrochemical investigation of the CuTAPP was in a batch cell configuration in
which the catalyst was drop-casted on a GDL electrode.

In Figure 54, the drop casted CuTAPP was tested at different potentials in a 0.1
M KHCO;s electrolyte solution. The reported plot highlights the selectivity towards
COzRR increases once the bias is pushed to more negative potentials. The highest
selectivity is reached at the value of -1.2 V vs RHE, showing a modest overall
selectivity around the 50% for CO and HCOO" products together. This investigation
clarifies the optimal potential required for the CO2RR for the catalyst and furnishes
details regarding the possible reachable products spectrum.
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Figure 54: CuTAPP drop casted on a GDL support tested in a flow cell configuration.
Chronoamperometry test performed in 0.1 M KHCQO3 solution at different potentials.

Once moving from the drop casted electrode to the electrografted one, the
electrochemical behavior drastically changes. Three different types of electrode
were analyzed: the CiTAPP-CP prepared by cyclic voltammetry, the CuTAPP-CP
prepared by chronoamperometry and the CuTAPP-GDL by chronoamperometry.
Both the grafted CP types, due to the absence of a hydrophobic layer, were tested
in a batch cell configuration immersing the catalyst in the electrolyte. In Figure 55
are reported the FEs and the current densities of the CuTAPP-CP electrodes
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prepared by CV tested at -1.2 V vs RHE in different electrolytes. The spectrum of
products is wider compared to the one obtained with the drop casted CuTAPP.
Indeed, in this case more valuable products like CH4 and C;H4 are obtained and
with an interesting concentration.
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Figure 55: CuTAPP-CP prepared by cyclic voltammetry electrochemical test. Chronoamperometry
performed at -1.2 V vs RHE in different electrolyte composition.

The tests reported in Figure 55 are at the same potential, -1.2 V vs RHE, but
at different concentrations of KHCO3. The lowest FE for the HER is reached in the
0.5 M electrolyte, interestingly, such value also coincides with the highest amount
of hydrogenated products, CHs + C2Hs. Common characteristic of the electrodes
prepared by cyclic voltammetry, is their weak stability. Indeed, the ethylene and
methane production shows their maximum accumulation in the first 20 minutes of
chronoamperometry, then a fast decrease occurs until no more traces of such
products were able to be detected. Such test evidences the possible production of
interesting products, hydrogenated one, and their electrolyte tuning in order to reach
the highest possible FE. Nevertheless it shows a fragile system that could barely
work.

In order to improve their stability and performances, the
chronoamperometry grafting was then optimized and the same electrochemical
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investigation was performed on carbon paper supports. As evidenced in Figure
S56Error! Reference source not found., the CP electrodes prepared by
chronoamperometry resulted to be again able to produce CH4 and C>Hs products
and at the same time be able to continuously produce them all over an hour of
experiment without any sort of interruption. Another difference is also the lower
rate regarding the CO2RR at expanse of the HER which inevitably increases. If with
the CuTAPP-CP electrodes prepared by cyclic voltammetry, in the first minutes of
electrolysis the FE for the HER was of 42.3%, Figure 55, such low amount was not
detected at the same condition with the electrodes prepared by chronoamperometry.
Indeed, a value around 65% was obtained all over the experiments. Such results
make the CuTAPP-CP prepared by chronoamperometry a weaker approach in terms
of selectivity, nevertheless a more solid procedure in order to prepare stable
catalysts.
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Figure 56: Electrochemical performances of CuTAPP-CP grafted electrodes by
chronoamperometry. Electrolysis performed in a batch cell configuration with a 0.5 M KHCO3
electrolyte at a) -1.2 V vs RHE and b) -1.1 V vs RHE.

In order to prepare stable electrodes by chronoamperometry but at the same
time to reach higher FE towards the CO2RR and higher current densities, the
electrografting by chronoamperometry on GDL was performed and tested in a flow
cell. The setup utilized was a flow cell bearing an anionic exchange membrane,
AEM, as working electrode a CuTAPP-GDL and counter a Pt foil. Such
experiment, even if conducted in the same cell of the previous chapter, was
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performed in a different laboratory during an Erasmus Traineeship in the Université
de Paris.
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Figure 57: Electrochemical tests in a flow cell configuration of CuTAPP-GDL, 0.5 M KHCOs at -
1.2 V vs RHE, bearing a Sustanion AEM.

In such facility, the ethylene detection was not possible, reason of the
missing registration value for such product, even if qualitatively identified. In
Figure 57 are reported the electrochemical tests performed in a flow cell setup
configuration, both in the optimized potential-electrolyte -1.2 V vs RHE and 0.5 M
KHCOs; from previous analysis. In Figure 57a, the electrochemical test bearing a
Fumasep AEM is reported. The main variation switching from a batch cell having
a PEM to a flow cell bearing an AEM is in a higher current density and an
unfortunately lower selectivity towards CHs4 and C>Hs products. Indeed, the

obtained selectivity toward such products was not able to surpass the low value of
5%.

Such a change in the selectivity of difficult interpretation. The presence of
a hydrophobic layer modifies the interaction with the water electrolyte, the
interaction instead with the metal complex under potential is a completely different
matter. Anyway we can anticipate that the selectivity towards CH4 and C;H4
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products comes from the copper clusters formation, thus a minor selectivity of those
products it is translated to a minor metal copper formation.

6.4 Ex-situ characterization

The extremely high interest for the hydrogenated products like ethylene and
methane pushes the investigation on the catalyst in order to elucidate its actual
active site. Indeed, as mentioned in the first chapter, the only species actually known
to be able to produce such hydrocarbons by electrochemistry is the metal copper.
Since the nature of the metal cation involved in the porphyrin, is possible a de-
complexation reaction, promoted by the negative bias, in which the Cu®" ions are
actually unbounded to the molecule and can easily be reduced to metal clusters.
Once the cyclic voltammetry investigation of the CuTAPP-CP was performed in
water solution, no evidence of possible degradation was evidenced. Trying to
investigate the catalyst in homogeneous condition, there was no evidence of catalyst
de-complexation reaction. In order to evaluate a possible change in the nature of
the catalyst, several ex-situ characterizations were repeated on the grafted
electrodes once they have performed exhaustive electrolysis under negative bias.
Among all the possible characterization techniques, only the FE-SEM and the XPS
were able to furnish further information about the possible change in the catalysts.

The first analysis was with the FE-SEM technique on CuTAPP-CP
electrodes prepared by cyclic voltammetry, Figure 58. The electrodes of the
investigation were tested at -1.2 V vs RHE in a 0.5 M KHCO3, accumulating one
hour of electrolysis. Such electrodes prepared by cyclic voltammetry, showed a
peculiar behavior. They result highly selective for hydrogenated products like CH4
and C,Hy in the first minutes of electrolysis, nevertheless they eventually stop the
hydrocarbons production after this preliminary phase, Figure 54. From FE-SEM
images of a tested electrode, it was possible to detect small particles spread all over
the catalyst having an extremely small dimension that were not present on the virgin
grafted electrode. Such clusters were investigated through the SE2 detector in order
to detect copper clusters due to the high Z number of Cu, nevertheless a more
intense brightness was not detected. From EDX mapping, there is no evidence of
metal clusters since the Cu signal is perfectly distributed all over the electrode,
together with the N signal correlated to the porphyrin grafting. Despite a difficult
determination, a clear change in the surface morphology occurred.
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Figure 58: FE-SEM images of the grafted CaTAPP-CP prepared by cyclic voltammetry, tested at -1.2 V
vs RHE in 0.5 MKHCO: for 1 hour.

In Figure 59 are reported a detailed FE-SEM investigation on a CuTAPP-
CP electrodes prepared by chronoamperometry. In the left column, Figure 59a,c,e,
are reported three different magnifications of the virgin CuTAPP-CP grafted
electrode. Instead, in the right column, Figure 59b,d.f, the same magnification of
the same electrode after 30 hours of electrolysis at -1.2 V vs RHE in a 0.5M KHCO3
solution are reported. In this case of the grafted CuTAPP-CP by
chronoamperometry, a completely different scenario appears. Indeed, once the
electrolysis is performed for 30 h, there are no evidence of any morphological
changes in electrode. This unpredicted information is someway parallel to the
electrochemical behavior, in which the CuTAPP-CP prepared by
chronoamperometry does not show any trace of CH4 and C2Hg selectivity loss, thus
differing from the one prepared by CV. Such investigations do not clarify what is
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the active site of the catalysis, it furnishes only evidence that the two procedures
for the electrografting are different on the same substrate, and highlights the
benefits of the latter.

Figure 59: FE-SEM images of a CuTAPP-CP grafted electrode. Three different magnifications a-b, c-d
and e-f, with virgin electrode on the left column and tested electrode after 30 h of electrolysis on the right
column.
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Figure 60: XPS measurements on a) and b) CuTAPP-CP, ¢) and d) CuTAPP-GC, e) and f) CuTAPP-
HOPG. Left column, virgin electrodes priory chronoamperometry, right column tested electrodes after
30h of test.

The technique able to furnish the main ex-situ information is the XPS. Indeed,
by analyzing the copper signals of the virgin electrodes, it is possible to identify the
absorption pattern of the molecular copper complex and distinguish it from the ones
obtained for Cu, CuO, Cuz0 and Cu(OH),. In Figure 60 are reported the Cu 2p
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signals of the grafted electrodes. The left column shows the virgin samples, in the
right column are the tested electrodes, i.e. re-analyzed after the electrolysis.

In Figure 60a and b, the spectra of the CuTAPP-CP prepared by
chronoamperometry and the same sample re-analyzed after 30h of electrolysis are
reported. From this comparison, a minor modification of the Cu 2p3,» contribution
is detachable. Since the three-dimensional nature of the CP support, composed of
multilayer carbon species, its analysis can be difficult and a clear information is
difficult to extrapolate since the low resolution of the Cu 2p peak.

Table 7: Cu 2p3/2 binding energy, Cu L3M4,5M4,5 kinetic energy, Auger Parameter (a’) of reference
materials (a)'’' and of the electrografted samples CuTAPP-CP, CuTAPP-GC, CuTAPP-HOPG after
test.

Cu LMM Auger
Cu 2p;/, peak

Compound peak maximum
maximum E, (eV)

Auger
Parameter (eV)

E (eV)
®Cu 932.6 918.6 1851.2
°Cu,0 932.2 917.0 1849.2
iCu0 933.8 917.6 1851.3
Cu(OH), 934.7 916.3 1850.9
CuTAPP-CP 933.0 915.0 1847.95
CuTAPP-GC 932.8 914.7 1847.52
CuTAPP-HOPG 932.5 916.3 1848.76

In order to clarify the stability of the catalyst, more ordered and flat surfaces
like the GC and the HOPG were electrografted, tested and analyzed. A definitely
more clear spectra is indeed obtained for GC (Figure 60c,d) and even more for
HOPG (Figure 60e,f) supports. In both these electrodes, once the electrolysis is
performed, there is an important splitting of the copper pattern; an information
present also for the CP even if less clear. On this supports, the copper signal is
clearly associable with the presence of both the Cu-porphyrin and a secondary
inorganic form of copper. Analyzing the values of Cu 2p listed in the Table 7, a
possible match is present with the metallic copper and its Cu®** oxide. In order to
discriminate between these two contributes, the Cu LMM signal must be taken in
consideration. Nevertheless, being the Auger transition the superimposition of both
the CuTAPP species and of the Cu/CuO compounds, the Cu LMM signals is of
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difficult estimation, not allowing further clarification. It can be hypothesized
anyway that metal clusters agglomeration occurs under negative potential and, due
to the extremely low size of the particles, their oxidation occurs once the bias is
stopped and the sample is exposed to the air. Such hypothesis is of very recent
discussion, as reported in recent publications of well-known journals!*%15,

Putting aside the discrimination between the Cu/CuO formation, the ex situ
analysis furnishes a more important information on the stability of the CuTAPP
under potential. The main hypothesis is that the Cu?’-porphyrin is not stable under
such reducing bias, thus partially freeing the Cu?* cations which are reduced to form
metal clusters. The metal copper is the main active species for the hydrocarbons
formation recorded during the electrolysis, perfectly matching the previously
literacture>-63160:161 " A proper investigation should be performed through in-situ
technique, thus actually analyzing the copper signal meanwhile the bias is imposed.

Such investigation highlights of course a drawback regarding the molecular
complex, actually defining as unstable and not being the active species of the
products of more interest. Nevertheless, shows also how an electrografting
approach is a possible strategy to actually introduce an extremely low amount of
metal resources on the electrode and still reach a great selectivity. Taking in
consideration this aspect, several more stable porphyrins are known and even
unstable complexes could be of interest in order to actually produce metal clusters
of extremely low size.
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Chapter 7

Conclusions

In all the previous chapters, several approaches in order to obtain stable single
metal centers were investigated. The proposed catalysts, deeply varying in their
chemical composition, have as the only common aspect the idea to introduce metal
atoms in form of cations in the structure of the material. The chosen strategies were
variegated, as dopants in the case of doped polyaniline, as metal oxide in the case
of binary SnO2/PANI material, as direct building block in the case of MOF, in
which the metal center specifically builds the entire material coordinating organic
ligands, and finally as metallorganic complex once the metal porphyrin was studied
and functionalized on carbon supports.

Together with the physical and chemical investigations around these catalysts,
the electrochemical characterization was also optimized. Indeed, in the former parts
of work, a batch cell setup was employed, resulting in low performances and
reachable FEs. Subsequently, the introduction of flow cell completely improved the
investigation. The catalysts were able to produce a higher rate of CO2RR
overwhelming the requirement of the dissolved CO and working instead directly
with its gas phase. This is translated in better FEs and higher geometric current
densities. The introduction of flow cell makes it possible also the study of different
concentrations of electrolytes, permitting stability tests of several hours until the
longest investigated time of few days.

Considering the typology of required process and the nature of the experiment,
the strategy to investigate catalysts based on organic species resulted a limited
approach. Inevitably, the requirement of a highly conductive material makes the
competition between the more canonical benchmark metallic species and the
organic ones unbalanced. Even if underlying the interest of a more strategic
employment of metallic resources, the nonconductive nature of the organic species
is often an obstacle for the overall performance. Nevertheless, this does not
discourage that type of research, rather than more solid and advanced strategies
must be applied in order to reach performances of interest. The case of the
electrografted porphyrin is a good example. A nonconductive drop-casted catalyst
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limits the great conductivity of the carbon-based support above, although, once the
strategy of mere deposition switches to the more advanced electrografting, an
extremely thin film is present on the support, almost nonvisible by SEM. Such layer
does not induce a lower conductivity due to the extremely low deposition, as a
consequence the material showed great performances of current density once a bias
was applied.

Analyzing the CO2RR theme in general instead, the progresses in this field are
encouraging and at the same time not excelling. The knowledge and the
performances are rapidly growing, thus making obsolete the research papers in
short time. Nevertheless, the combination of the costs, the performances, the
lifetime and the problems regarding the scale up still makes the technology deeply
limited. A lot of knowledge is still missing and being in study, actually limiting the
possible curve of progress for the technology. In situ characterizations are
becoming more popular, actually clarifying all the transformation inside the
materials once under bias and during the catalysis, thus helping the possible
optimization and modelling steps for future works.

Further efforts will be focused both on the setup employed and the materials,
maintaining the idea of single metal active site solution. More ambitious studies
will be also followed trying to investigate molecular compounds, metal free, able
to perform the CO>RR without the presence of an actual metal center.
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