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Nanostructure-based (electro)catalysis

Hydrogen Economy
“God made solids, but surfaces 
were the work of the Devil”

Wolfgang Pauli



Carbon nanostructures/metal oxide interfaces

M. Melchionna, M. Prato, P. Fornasiero Catal. Today 2016, 277, 202-213

Photocatalysis:

Semiconducting metal oxide:
Excited charges generation

Nanocarbon: electron or hole sink.
Retard of the recombination rate

Electrocatalysis:

Semiconducting metal oxide:
Different roles (catalyst, capturing agent, 
co-catalyst…) 

Nanocarbon: improve electron transfer

CO2 reduction

H2 evolution

N2 reduction

H2O oxidation

O2 reduction



Carbon nanostructures/metal oxide interfaces

CO2 + 2H+ + 2e− → CO + H2O E◦ = −0.53V
CO2 + 2H+ + 2e− → HCO2H              E◦ = −0.61V
CO2 + 6H+ + 6e− → CH3OH + H2O E◦ = −0.38V
CO2 + 8H+ + 8e− → CH4 + 2H2O E◦ = −0.24V
CO2 + e− → CO2

•−                                          E◦ = −1.90V.

Anode: 2H2O(l) → O2(g) + 4 H+(aq) + 4e− Eo = +1.23 V

Cathode: 2H+(aq) + 2e− → H2(g) Eo = 0.00 V

ΔG = 237 kJ mol-1



A versatile hierarchical material: CNT@TiO2@Pd

Tomographyy

Nature Communications 2016, 7, article number: 13549



Electrocatalytic H2 production: Effect of the CNTs

200 mV reduction in the 

overpotential

Linear Sweep Voltammetry for f-MWCNT@Pd/TiO2

(black) Pd/TiO2 (green) and bare GC electrode (blue).
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Cathodic Reaction 
Under investigation

2H+(aq) + 2e− → H2(g)

H2O

Cathode
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Nature Communications 2016, 7, article number: 13549



Effect of the interfacing and nanostructuring

+

Presence of surface state 
at the interface
CNT/TiO2 : free electrons

Better coupling with Pd
nanoparticles

Faster kinetics 



CO2 reduction: Carbon nanohorns@TiO2@Pd

Energy Environ. Sci. 2018, 11, 1571-1580



CO2 reduction: CO2 electroreduction to formic acid

Energy Environ. Sci. 2018, 11, 1571-1580



Get rid of noble metals: Carbon nanotubes/CeO2

Submitted (under review)



Get rid of noble metals: Carbon nanotubes/CeO2



O2 reduction: Ex-solution Surface modification

ACS Appl. Nano Mater. 2019, 2, 6092-6097

SNC = superparamagnetic nanoparticle clusters of γ-Fe2O3

Sample Eonset 
(V)

Eapplied 
(V)

j[1] (mA 
cm-2)

хH2O2 
(%)

SNC@PDA500 0.67
0.6 -0.098 72
0.5 -0.22 62

g-PDA500 0.64
0.6 -0.11 63
0.5 -0.14 28

g-PDA700 0.60
0.6 -0.30 9
0.5 -0.42 8

Collaboration with Prof. Darko Makovec
and Dr. Slavko Kralj



Conclusions and perspectives

Nanocarbons can be useful components in the design of hierarchical catalysts for
Electrocatalytic applications

Opportune interface with other phases and make it functional (rational synthetic 
design)

Translation of fundamental knowledge to large scale devices 

For catalysis: Advanced techniques (in situ or in operando) to aid understanding 
of mechanism

Computational chemistry to help design
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