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Transizione energetica

CO2

IRENA (2021), World Energy Transitions Outlook: 
1.5°C Pathway, International Renewable Energy 
Agency, Abu Dhabi.
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Riduzione delle emissioni di carbonio nello Scenario 1,5 °C (%)
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Riduzione delle emissioni di carbonio nello Scenario 1,5 °C (%)

Aumentare l’utilizzo di energia rinnovabile
Fotovoltaico
Accumulo elettrochimico abbinato a rinnovabili

Aumentare l’efficienza dell’utilizzo dell’energia
Accumulo elettrochimico abbinato a rinnovabili o rete
Efficienza dei processi elettrochimici

Aumentare l’elettrificazione (riscaldamento, trasporto e 
produzione industriale)
Mobilità elettrica

Aumentare produzione di idrogeno verde
Processi più efficienti

Aumentare cattura CO2 nei processi che non possono 
fare a meno dei combustibili fossili

Copyright © IRENA 2021   www.IRENA.org
https://commission.europa.eu/strategy-and-policy/priorities-2019-
2024/european-green-deal/delivering-european-green-deal_it





Fotovoltaico e DSSC

www.nrel.gov/pv/cell-efficiency.html



Fotovoltaico e DSSC

SwissTech Convention Center a EPFL (Losanna)

https://commons.wikimedia.org/wiki/File:Dye_Sensitized_Solar_Cell_Scheme.png



Ruolo chiave dei sistemi di 
accumulo dell’energia

Cosa cambierà?

Source: IEA. International Energy Agency Website: www.iea.org



https://www.eea.europa.eu/it/segnali/segnali-2017-definire-il-futuro/infografica/panoramica-
sulle-emissioni-di-co2/view

I veicoli elettrici sono più efficienti dal punto di vista 
energetico rispetto a quelli alimentati con  combustibili fossili

Le fonti per la produzione di energia elettrica diventano 
importanti per le emissioni di CO2

Emissione di CO2 nel ciclo di vita dei veicoli
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A che punto siamo con la tecnologia?

1899, Jamais Contente1830, Carrozza elettrica

1972, FIAT X1/23
80 km, 70 km/h

1997, Toyota Prius (HEV) Renault Zoe

Cella Ni/Fe
Edison, 1901

Autonomia 300 km
a 20 km/h

Record velocità
105 km/h

Vetture circolanti 
Inizi '900                  2015

38% elettriche 0.2% elettriche
40% vapore                  2021 (>200M)
22% benzina                8.3% elettriche

Vetture circolanti (mila)
Italia      Francia       UK       USA

1912        15            - - 700
1922        41           - - 8200
1932 188       1298        1150     20832
1956 1030       3060        3980     54210
2018 38800 (256 EV, 0.66%)
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Batteria al piombo
1859

Pb/H2SO4/PbO2

Cella Li ione
Sony, 1991

Batteria NiMH
1989

MH//NiO(OH)

Battery cell voltage

V

Specific Energy

Wh kg-1

Energy density

Wh L-1

Pb-acid 2.0 35-40 80-90

Ni-MH 1.2 60-120 140-300

Li-ion 3.2-4.0 150-300 250-650
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https://chargedevs.com/newswire/nissan-leaf-batteries-should-last-22-years/

Specific energy     - Specific power

Wh/kg                                                        W/kg

capacity x voltage/mass                            current x voltage/mass

Comparison among batteries: which are the parameters?
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0,18 kWh/km
10%

Energia e Potenza

Auto Energia 
kWh

Percorrenza
km

Nissan Leaf

2007-2016 24 100-160

2017- 40 270

2019 62 375

Tesla

Model S 75-100 490-632

Roadster
2019

200 1000
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Tecnologia basata sul litio

Batteria al litio
Li+/Li    - 3.03 V vs NHE

Li   6.94 g/mol    3860 mAh/g

Batteria agli ioni di litio
C6/LiC6 -2.9 V vs NHE

C6   72 g/mol  372 mAh/g

0      NHE

-1

-2

-3 Li metallico

LiC6

1

V

Materiali catodici

Problemi
Reattività del litio con il mezzo elettrolitico 
Crescita di dendriti di litio (corto circuito)

Faenza - 17/06/17

Pb2+/Pb (-0,36 V)

PbO2/Pb2+ (1,690 V)

DV~2 V

DV~3-4 V

18

Pila al litio
1970

Li/MnO2

Cella Li ione
Sony, 1991
C//LiCoO2
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grafite
Li ferro fosfato LiFePO4

LiC6 + FePO4 6C +  LiFePO4

(+) FePO4 + Li+ + e- LiFePO4 LFP inserisce Li+

(-)  LiC6 6C + e- +  Li+ grafite deinserisce Li+

scarica

scarica

scarica

19

LiFePO4

J M Tarascon, M Armand, 2001 Nov 15;414(6861):359-67
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Cella Li ione - LIB

grafite
Li ferro fosfato LiFePO4

LiC6 + FePO4 6C +  LiFePO4

(+) FePO4 + Li+ + e- LiFePO4 LFP inserisce Li+

(-)  LiC6 6C + e- +  Li+ grafite deinserisce Li+

scarica

scarica

scarica

20

LiFePO4

J M Tarascon, M Armand, 2001 Nov 15;414(6861):359-67
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Come può essere ottimizzata una batteria? Materiali…
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Come può essere ottimizzata una batteria? ….e processi
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J Solid State Electrochem (2017) 21:1939–1964
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Gen anode cathode Energy Wh/kg

5
Li metallico aria 750-1000

4

Li metallico
Li metallico (stato solido) 

zolfo
NCM- catodi ad alto potenziale 500-750

3b Si-grafite NCM-catodi ad alto potenziale 400-450

3a
grafite+5-10% Si NCM (622 to 811) 350

2b grafite NCM (523 to 622) 300

2a grafite NCM (111) 250

1 grafite LFP, NCA 100-250

Integrated SET-Plan Action 7 
~ Implementation Plan ~ 

"Become competitive in the global battery sector to drive e-mobility and stationary storage forward" 

2020

2030

2050 ?
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Esiste una alternativa al litio?

Category Lithium Sodium

Atomic weight (g mol-1) 6.9 23

Cation radius (Å) 0.76 1.06

E° (V vs. Li/Li+) 0 0.3

Capacity (mAh g-1), 

metal
3,829 1,165

Cost ($/ton), 

carbonates
12,600 200

Current collector 

(anode)
Cu Al

Distribution 70 % in South America Everywhere

Abundance 20 mg kg-1 23.6 g kg-1
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K. Kubota et al., MRS BULLETIN, 39, 2014, 416 Copyright © Materials Research Society 2014

Esiste una alternativa al litio?

Reproduced from S. F. Schneider et al., Sustainable Energy & Fuels 2019, 3, 3061–3070
with permission from the Royal Society of Chemistry.
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LIB

NIB

Esiste una alternativa al litio?

anodo               catodo
elettrolita         energia
contenitore   

Reproduced from S. F. Schneider et al., Sustainable Energy & Fuels 2019, 3, 3061–3070
with permission from the Royal Society of Chemistry.
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Esiste una alternativa al litio?

https://www.startengine.com/blue-sky-energy

Y. Zhang et al., J. Power Sources 400 (2018) 478
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Sono le celle a combustibile una alternativa alle batterie Li-ione? 

Source: US D.O.E., Office of energy efficiency and renewable energy
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2.5% CO2

Per produrre 1 kg of H2:
servono 55 kWh di energia
e 9 L acqua

restituisce 33 kWh [–30%!]

Credit: Nicola Armaroli, bit.ly/3AfgMnJ

▪ Non possiamo usare le tubazioni per il
gas esistenti

▪ Potremmo produrre H2 in nord Africa
(dipendenza da altri Stati)

▪ H2 non può essere immagazzinato in
modo semplice: va pressurizato a 350-
700 bar o liquefatto a –253 °C.

• Trasporto leggero: no competizione con le batterie
• Trasporto pesante: andrebbe elettrificato
• Imbarcazioni leggere: OK
• Imbarcazioni cargo: 35 gg dalla Cina a EU, 9000 t diesel.

3000 t H2 (liquido), che richiedono 150 GWh
di elettricità. Se questa derivasse dal più grande
elettrolizzatore al mondo alimentato a PV (10 MW),
servirebbero 2 anni per produrre H2 per un solo viaggio.

Idrogeno
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https://www.volkswagenag.com/en/news/stories/2019/08/hydrogen-or-battery--that-is-the-question.html
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Celle a combustibile microbiche

Santoro et al. , J. Power Sources 2017, 356, 225-244 

S. Babanova et al., Water Environ. Res. 92, 60-72 (2020) 

I. A. Ieropoulos et al., Environ. Sci.: Water Res. Technol., 2016, 2, 336



33Santoro et al. , J. Power Sources 2017, 356, 225-244 
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❑ Costo elevato

❑ Scarsità metalli nobili

❑ Facilmente avvelenabile

Graphite

Graphene

Graphene
Oxide

Reduced
Graphene

Oxide

CNT

CNF

Activated Carbon

Carbonaceous 
Materials

Catalizzatori a base di metalli nobili (PGM)

Materials Today Advances, 13 (2022)100208

Catalizzatori PGM-free

❑ Costo molto basso

❑ Abbondanti e disponibili 

❑ Resistenti all’avvelenamento

REVIEW ARTICLE NATURE CATALYSIS

dispersed or single-atom catalysts for the ORR; they show a high 
electrocatalytic activity towards the ORR in neutral media and dem-
onstrate a high durability11.

Different PGM-free transition metal electrocatalysts have been 
identified, as shown in Fig. 2a. PGM-free electrocatalysts derived 
by pyrolysis processes belong to the M–N–C family (M = Mn, Fe, 
Co, Ni and Cu). Independent of the synthetic route, the M–N–C 
electrocatalyst surface is extremely diverse both chemically and 
morphologically34. It is therefore logical to assume that a multitude 
of active sites on the plane and the edge of the graphene-like lattice 
are involved during the ORR7,35–38. The map of the edge and in-plane 
active sites at 5.3 < pH<9 is shown in Fig. 2.b,c, with each active site 
being protonated or deprotonated as a function of its pKa (ref. 17).

The active sites involved in the ORR are the nitrogen-containing 
moieties (N-cyanide, N-imide, N–O, N-pyrrolic and N-pyridinic) 
and metal-containing particles, oxides, nitrides and carbides, and 
atomically dispersed metals coordinated with pyridinic nitrogen 
(M–Nx) (refs. 33,39–41). An increasing content of nitrogen in the 
PGM-free electrocatalyst is beneficial for electron transfer, and so 
enhances the electrocatalyst conductivity and, in turn, improves 
the electrocatalytic activity42. Generally, the majority of nitrogen 
functionalities are related to a larger peroxide production, with 
the exception of the N-pyridinic one, which is suspected to have 
peroxide-consuming functionalities34. Metal-containing particles, 
oxides, nitrides and carbides can only perform a 2e− reaction7,34. 
Usually, the majority of these particles are removed from the elec-
trocatalyst after acid and/or base washing, which typically occurs 
after pyrolysis. However, M–Nx (x = 2, 3 or 4) are the active sites 
mainly responsible for a direct 4e− transfer mechanism43. The 
M–N–C electrocatalyst is composed of diverse active sites that oper-
ate differently during the ORR, and commonly it can be claimed 
that an overall 2 + 2e− transfer occurs34 (Fig. 1a). In general, but not 
always, the limiting step in M–N–C electrocatalysts is actually the 
electrochemical intermediate transformation into the final product 
(peroxide reduction).

It has been shown that electrocatalytic activity is strictly related 
to the surface chemistry of PGM-free electrocatalysts and that M–
Nx and N-pyridinic active sites are beneficial to improve the over-
all ORR activity44. The MFC power peaks from a selected literature 
(Supplementary Table 2) of the past few years that used PGM-free, 
carbonaceous-based and PGM electrocatalysts are reported in  
Fig. 2d. PGM-free electrocatalysts were characterized by the highest 
power output in MFCs. In neutral media, Fe–N–C electrocatalysts 
were shown to perform better than Co–N–C, Mn–N–C and Ni–N–C 
electrocatalysts (Fig. 2d)45. In contrast to PGM, PGM-free electro-
catalysts are extremely resilient to poisoning due to the low affinity 
between the metallic centre and anions such as NO3

−, Cl−, ClO4
− 

and SO4 (ref. 46). Poisoning seems to occur in the presence of NO2
− 

and CN−, which deactivate the metal centre of the active site46–48.  
The durability of PGM-free electrocatalysts under the operating 
conditions was validated over a test of one year, which demonstrates 
the reliability for the ORR for MESs49.

Fundamentals and applications of enzymatic ORR 
electrocatalysis
The ORR can also be catalysed by a large number of enzymes that 
belong to the family of copper proteins50,51. In biological oxygen 
chemistry, copper and iron active sites play a key role in both homo-
geneous and heterogeneous catalysis. Among copper proteins, mul-
ticopper oxidases (MCOs) (laccase, bilirubin oxidase, ascorbate 
oxidase and so on) catalyse the 4e− ORR of water coupled with sub-
strate oxidation (2,2 -azino-bis(3-ethylbenzothiazoline-6-sulfonic 
acid, polyphenols and so on)52.

Homogeneous electron mechanism of MCOs. Among the differ-
ent types of electron transfer is the most studied and truly fasci-
nating homogeneous ET mechanism, which is also an extremely 
efficient ORR in circumneutral pH. This reaction is based on four 
1e− substrate oxidation reactions that are coupled with a 4e− reduc-
tive cleavage of a molecular oxygen O–O bond53.

As shown in Fig. 3a, this reaction mechanism occurs in three 
steps: the reduction of the type 1 CuII site through the electrons 
transferred from a substrate (or the electrode given an immobilized 
enzyme) (step 1, left upward arrow), the internal ET or tunnelling 
between the type 1 CuII site and the trinuclear Cu cluster (TNC), 
which proceeds through the Cys-(His)2 bridge over a distance of 13 Å 
(step 2, red dashed double arrow), and the O2 reduction that takes 
place at the TNC54 (step 3, right downward arrow). The ORR mech-
anism is displayed in detail in Fig. 3b (homogeneous mechanism).  

0

Iron
Cobalt
Manganese
Nickel
Graphene
Platinum
Activated carbon

25 50 75 100 125 150

Power density ( W cm–2)

175 200 225 250 275 300

Platinum nanoparticles

Pt/Ni or Pt/Co

Platinum supported 

on carbon substrate

PGM PGM free

Atomically dispersed 

platinum

Activated carbon Metal oxides

Carbon nanofibres

Carbon black

Graphene

CNTs

Others Others

Carbonaceous

transition metal free

2e–: carbon material

2 + 2e–: transition 

metal impurities

4e–: M–N–C sites

2 + 2e–: M–N–C sites

2e–: oxide

2e–: carbon support

2e–: nitrogen–carbon

4e–: Pt active site

2e–: carbon support

Transition metal 

Macrocyclic

compounds (M–N4)
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Fig. 2 | Type of inorganic electrocatalysts and their electrochemical 

performance. a, Categories of inorganic electrocatalysts used in BESs 

operating in neutral media. b,c, Protonation and deprotonation of active 

sites in Fe–N–C electrocatalysts in working electrolytes between 5.3 and 

7.5 (b) and 7.5 and 9 (c). d, Trend of power density output of MFCs using 

different inorganic electrocatalysts. The references for the values utilized 

are reported in Supplementary Table 2. Panels b,c, adapted with permission 

from ref. 17, American Chemical Society.

NATURE CATALYSIS | www.nature.com/ natcatal

J. C. Meier, et al., J. Nanotechnol., 2014, 5, 44–67. 



Enorme impatto economico: circa un quinto della produzione 
annuale di acciaio è destinata alla sostituzione di parti 
danneggiate dalla corrosione. 

Una corretta ed efficace protezione anticorrosione alla fonte 
contribuisce a risparmiare denaro e risorse a lungo termine. 

Sicurezza: un cedimento dovuto alla corrosione potrebbe 
avere conseguenze drammatiche.

Corrosione
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37
Come si può risparmiare energia?

Ottimizzando il ciclo di vita dei prodotti

PRODUCT



Risparmio energetico
2:1 rapporto tra dispositivi connessi e 

popolazione mondiale

50 miliardi di dispositivi (2020)

500 miliardi entro 2050

80% energia utilizzata dai dispositivi per 

mantenere la connettività 

615 TWh energia elettrica consumata da 

dispositivi connessi (2013)

740 TWh* energia risparmiata (2025) 

ottimizzando la tecnologia e l'utilizzo
*equivalente all’energia elettrica consumata da FR e UK

Comunicazioni

Controllo

Intrattenimento

Apparecchiature
Aumento

connettività
di rete

6
1

5
 T

W
h

7
4

0
 T

W
h

www.iea.org/etp/networkstandby

(T = tera = 1012 = mille miliardi)

http://www.iea.org/etp/networkstandby
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Ruolo chiave delle elettrochimica per la transizione energetica e per lo sviluppo di nuove
tecnologie (batterie, elettrolizzatori, celle a combustibile…).

CONCLUSIONI

Il potenziamento dell’insegnamento dell’elettrochimica a tutti i livelli
porterà grandi vantaggi per affrontare al meglio i cambiamenti che
avverranno nel prossimo futuro...

…e una buona lettura stimolerà gli animi.

La conoscenza elettrochimica porterà a sviluppi di nuovi materiali e nuovi processi per
diminuire l’impatto ambientale delle nuove produzioni con l’utilizzo di energie rinnovabili
sia per la produzione che per il riciclo. Forte interazione con altre discipline.
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