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Abstract

Energy is the most relevant technological issue that the world experiences today,
and the development of efficient technologies able to store and convert energy in
different forms is urgently needed. The storage of electrical energy is of major
importance and electrochemical processes are particularly suited for the
demanding task of an efficient inter-conversion.

A potential strategy is to store electricity into the chemical bonds of
electrogenerated fuels, like hydrogen and/or energy-dense hydrocarbons. This
conversion can be accomplished by water splitting and CO; electrolysis. In this
context, are herein presented three different electrochemical approaches towards
water and CO; reduction.

In Chapter 1 is reported a novel class of nanostructured electrocatalysts,
MWCNTs@Pd/TiO,, able to efficiently reduce water at neutral pH. Multi-walled
carbon nanotubes, Pd nanoparticles and titanium dioxide are mutually integrated
within the nanocomposites, whose electrocatalytic properties are thoroughly
investigated and optimized. By electrochemical methods it is rationalized the effect
of each building block on the overall activity, which originate from the synergic
cooperation of the three units.

In Chapter 2 is presented an electrochemical study of MWCNTs@CeO, a noble-
metal free electrocatalyst with a similar architecture to MWCNTs@Pd/TiO,. The
electroreduction of CO, has often the drawbacks of a poor selectivity and high
energy losses for the high overpotential required to drive the reaction. However,
detailed studies of MWCNTs@CeO; highlights the possibility to convert CO; to
formic acid at very low overpotential and with a high selectivity. A reaction
mechanism that involves the participation of surface hydride species and the CeO,
shell is proposed.

Finally, in Chapter 3 is presented a photo-electrochemical approach to hydrogen
production. Solar energy is converted to hydrogen via water reduction on the
surface of a catalyst-free, oxide-protected solar cell. The large solar-to-hydrogen
activity of the photocathode assembly has been explained by a combination of
experimental and theoretical studies.
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INTRODUCTION

1.0. A general picture

Energy is the most important technological issue that the world experiences today.
Our modern lives run on various form of energy, that are mostly not produced in a
sustainable way by the exploitation of fossil energy resources, namely oil, coal and
natural gas. Indeed, 87% of the global primary energy supply is provided by non-
renewable fossil fuels, complex molecules that take millions of years to form from
natural processes and that cannot be regenerated in the human time-scale.[**!
The easy-to-use energy stored in the chemical bonds of fossil fuels, made them the
most exploited, corrupted and dangerous source of energy in the world, making
imperative the urgent need for alternatives. Moreover, the availability of fossil
fuels on the planet is limited, and their geographical distribution is restricted to a
few regions, being the cause of multiple conflicts. The main problem of fossil fuels
utilization is the combustion process with which energy is extracted out of them.
Such process has an efficiency that is strictly limited by thermodynamic, and also
produces carbon dioxide (CO,) a dangerous greenhouse gas. Even if CO; is not the
worst gas with a greenhouse effect, its enormous release in the atmosphere due to
mankind activities is a major issue that we are experiencing today. CO, emissions
in the atmosphere broke the 400ppm threshold in 2014 with an astonishing raise
during the last decades (+30% from 1960),"! that contributes to increase the global
temperature on Earth.

Up to now the great advantages of fossil fuels in terms of availability, relatively easy
storage, distribution and energy extraction made them the best sparring partners
for mankind evolution. The realization that the drawbacks are worst the
advantages, fortunately encouraged the development of technologies able to
capture other form of renewable energy resources with the lowest possible impact
on the delicate equilibrium of Earth. Renewable energies like wind, solar, biomass,
etc. are now about to reach a 10% of overall share in the global energy supply,™
and thanks to their widespread distribution they are becoming always more
integrated.

Regarding electrical energy production, the contribution of renewables exceeds
22%, but fossil fuels are still responsible for the 69% of the global production.



Considering the thermal losses of power plants, this all fossil-based electricity
corresponds roughly to the consumption of 5000 GW of primary power.[®! Ideally,
if all the fossil-based electricity is replaced with a renewable electricity source,!”!
approximately $300 billion/yr of coal and natural gas, and 1.25 x 102 kg/yr of CO,
emissions ( ~ 40% of all fossil-fuel-related CO, emissions), will be saved.®!

Besides reducing CO; emissions, the widespread utilization of renewables is often
able by itself to supply the local the demand of electrical energy.!® This virtuous
quality, however, poses the question about how to stock the surplus of electricity
produced during peak production times and not adsorbed by the grid.””! These
intrinsic intermittent and diluted forms of energy then require to be stored and
efficiently reconverted under different forms when needed. Electrochemical
processes and related technologies are particularly suited for this purpose, and can
thus accomplish the demanding task of a highly efficient conversion. Batteries, "’
supercapacitors,*! RFBs,[*? electrolyzers®3 and FCs'¥ are all very actual
technologies that play a fundamental role in the energy game. Some of them have
reached a higher level of maturity, but also for the most emerging ones always
more and more efforts are spent worldwide to further improve their performances,
especially in terms of durability and efficiency.

The coupling of two technologies like electrolyzers and FCs is an example of how
we can get the most out of renewable energies, minimizing losses and increasing
the overall efficiency. A possible practical situation in which electricity production
and conversion are integrated in a residential building is shown in Fig. I.1.

Figure I.1: proposed combination of photovoltaics, electrolyzers and fuel cells in a self-powered house
that operate as a power station or gas station depending on the time of day. During daytime PVs
produce electricity used to fuel production in an electrolyzer, and to the batteries of an electric car.
During nightime the fuels produced during the day are converted to electricity (or heat) thanks to FCs.
Adapted from www.dailytech.com



Electricity produced by photovoltaics is stored in the forms of hydrogen molecules
in an electrolyzer, where H, and O, are evolved respectively at the cathode
(reduction reaction, Eq. I.1a) and the anode (oxidation reaction, Eq. I.1b) from the
splitting of water, Eq. l.1c. The produced H, can than be compressed, stored and
transported far away from the production site, or it can be reused directly at the
source as afuelin a FC, where electrical energy is obtained basically by the opposite
reactions that occur in an electrolyzer (i.e. HOR, ORR, Eq. 1.1d).

4H,0 + 4e"— 2H, + 40H" Eqg. l.1a
2H,0 — 0, + 4e™+ 4H* Eqg. I.1b
2H,0 -5 2H,; + O, Eq. l.1c
2H, + 0, = 2H,0 Eq. l.1d

In this way, for example, the extra energy produced during the day by PVs can be
stored in the bonds of H, molecules and then reconverted to electrical energy using
a FC during dark hours when solar energy cannot supply the electricity demand.
Moreover, the stored H; can also be used to produce heat by means of stationary
CHP systems, the most established market for fuel cells,!* or as an alternative to
natural gas for water heating and gas cooking.*®!

Other than for stationary applications, another actual field where hydrogen is seen
to play a very important role is the transportation sector. Vehicles powered by the
electricity generated from PEMFCs are thought to get 80% of the entire market
(cars and trucks) by 2050.1*”! Toyota, the biggest automotive company in the world,
is very committed in FCs research, recognizing the need for a big change, and,
obviously, the rise of new markets/business. Their first commercial fuel-cell-
powered vehicle, the Toyota Mirai, has been launched on September 2015,1*8
matching the expectations of the European Commission that in 2008 saw a very
similar scenario for the hydrogen/fuel cell road map.™**

In this context it is evident that hydrogen and related technologies are fundamental
elements for the development of low-carbon energy systems, providing a major
opportunity to shift the current carbon-based global energy economy, to a cleaner,
renewable and sustainable one (the so-called “hydrogen economy”).?” For its
near-zero or zero end-use emissions and to be a continually replenished resource,
hydrogen can be an ideal sustainable energy carrier. Some of its advantages are:
high energy conversion efficiencies, production from water with no emissions,



abundance, different forms of storage (e.g. gaseous, liquid, or in metal hydrides),
long-distance transportation, ease of conversion to other forms of energy and two-
fold higher HHV and LHV than any other conventional fuel (more heat is produced
from H, combustion, making hydrogen convenient also for heating systems).[*6:2]
One of the most attractive, long-term features of the H,-economy is the so-called
security of feedstock supply.?? Water is globally available and above all is not
environmentally dangerous. On the other hand, besides the numerous ways for
producing H, many of them are not very mature, resulting in high production costs
and/or low efficiencies.l”® Nowadays steam reforming is the most extensive
method for H, production,?* but water electrolysis is getting more relevance and
has a great potentiality to increase its contribution, especially after the recent
discovery of very promising cheap and abundant HER and OER electrocatalysts.?”
So far, this technology did not find application on large scale plants, basically for
the high cost of the cathode materials. Platinum is the best choice in terms of
activity and stability even in very harsh conditions, but the limited availability and
high-cost prevented from a widespread diffusion of hydrogen-based systems like
electrolyzers and fuel cells, that need Pt-catalysts. However, in the past 5-7 years,
there has been a tremendous progress in the field of non-precious, earth-abundant
HERP%28 and ORR catalysts,”® with comparable performances to those of
platinum. There are now effective alternatives to platinum-group metals catalysts,
which was not the case just ten years ago, that will give an up-and-coming future
to this sustainable technology.'®

The approach of storing electrical energy coming from renewables in the form of
electro-generated fuels is very flexible, and embrace another promising and
exciting strategy. As water is the precursor for hydrogen, another potential
candidate for the production of useful chemicals and fuels is carbon dioxide (CO,).
The electro-reduction of this detrimental greenhouse gas (CO,RR) generates a rich
array of hydrocarbon chemistries. Energy-dense molecules like methane, CO,
formic acid, ethylene and methanol can be produced, and they can be further
utilized as fuels or as commodity chemicals. These chemical fuels possess higher
energy densities than some established energy storage technologies, such as Li-ion
batteries,'*” providing a valuable way to store energy and to make it available on
demand.



The potential products of CO;RR, if obtained by the conversion of the excess energy
produced by renewable resources like solar and wind, would also generate an
anthropogenic carbon-neutral cycle. It is worth mentioning that the CO2RR is not
only a zero-emission process, but also reduces the total amount of CO, from the
environment, thus moving towards the ultimate goal of a low-carbon society.

The electrochemical conversion back and forth between (renewable) electricity
and electro-generated fuels, whether H, or C-based fuels, is then a key technology
to make significant progress in the reduction of fossil fuels utilization, opening new
possibilities for a clean energy production and consumption.

Nanotechnology may have a fundamental role to foster this transition, leveraging
the potentiality of the actual state-of-the-art materials. The possibility to obtain
tailored nanostructures can in fact deeply impact the fields of electrocatalysis and
photo-electrocatalysis for energy related applications, like H, evolution and CO,
reduction. In the present thesis the properties of different nanostructured systems
towards HER and CO;RR photo-electrocatalysis are reported. By electrochemical
methods it is shown how the activity of the studied nanocomposites exceeds by far
that resulting from the simple sum of the various constituents, highlighting the
occurrence of multiple cooperative effects toward the realization of efficient
(photo)-electrocatalysis.

I.1. Electrocatalysis

Electrocatalysis can be considered as a special case of heterogeneous catalysis.
They are closely related phenomena, with the added feature for the former to
involve charge transfer electrochemical reactions. These charge transfer reactions
occur at the surface of an electrode, with their rate depending on the electrostatic
potential drop that develops at the interface with the electrolyte. Thus,
electrocatalysis, and electrochemistry in general, has the great advantage to have
and added and controllable parameter to play with, in order to alter the rate of a
redox reaction.BY

Strictly speaking, electrocatalysis refers to the case in which the electrode material
itself acts as a heterogeneous catalyst, highlighting the necessity of a direct
interaction between the electrode and the electroactive species (inner-sphere
reactions). By contrast, outer-sphere reactions refer to electron transfer reactions



in which the coordination spheres of the species are not involved. This is usually
the case of homogenous electro-catalyzed reactions, where the
reduction/oxidation of a catalyst at the electrode then induces the catalytic
reaction to occur.

For inner-sphere reactions, the need for a specific interaction with the electrode
surface is manifested by the huge dependence of the reaction rate upon the
electrode material (HER is a typical example, with kinetic constants that differ up
to several order of magnitude), but also the selectivity for products formation can
be extremely different (e.g. CO2RR, section 1.4.).

If an electrochemical system is perturbed from equilibrium (in which the electrode
has a certain equilibrium potential) a net electric current flows, with the rate of
such electrons-flow that depends on how much the system has been perturbed.
The magnitude of such perturbation is identified as the overpotential (defined as
the difference between E,pp and the Eeq, Eq. 1.2), that is a basic quantity for any
treatment regarding reaction rates of electrochemical reactions.

N =Eapp — Eeq Eq. 1.2
In general, the correlation between the reaction rate (i.e. the observed current)

and electrode potential can be described by the fundamental equation of electrode
kinetics, the Butler-Volmer equation:

i = iA _ iC — iO [e(l—tx)F(Eapp—Eeq)/RT _ e—aF(Eapp—Eeq)/RT] Eq 1.3

that can be written in terms of n by substitution of Eq. I.2 into Eq. 1.3

i = i[e(I=@FI/RT _ g=aFu/RT ] Eq. 1.4

where is and ic refers respectively to the anodic and cathodic current densities, ip is
the exchange current density, a is the electron transfer coefficient (also known as
the symmetry factor) and the other terms have their classical physical meaning.?
In the case of electrocatalytic reactions that involve specific interactions among
reactants and the electrode surface (i.e. inner sphere reactions), additional
considerations have to be made. In this situation, not only electrochemical
reactions occur, but also chemical reactions such the adsorption/desorption of
intermediates are involved and have to be considered in the overall reaction
scheme. Therefore, single-step one electron reactions, whose rate is described by
Eg. 1.3 and 1.4, are just a part of a more complex scenario, in which multistep
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reactions take place. Changing the electrode potential is then not the only
parameter that controls the reaction rate, but also other factors have a great
contribution like the surface concentration of reaction intermediates.

To make more clear the situation, it is reported a general example of a multistep
reaction with both chemical and electrochemical reaction steps. Equations 1.5a-b
describe a possible situation, in which a first electron transfer reaction (in this case
the reduction of A) leads to the formation of an intermediate Y, which subsequently
reacts giving B. Let also consider that the conversion of A into Y is the rds (in
equilibrium) and the rate of this reaction control the overall kinetics. The free
energy diagram of Fig. 1.2 describes the same reaction, with reactants A,
intermediates Y and products B.

Eq. I.5a

Eqg. I.5b

B
Figure 1.2: Free energies for Eq. 1.5a and Eq. I.5b in case the intermediate Y does (solid lines) and does
not (dashed lines) adsorb at the electrode surface. Adapted from ref. [31].

When there is no interaction between Y and the electrocatalyst, the activation
energy for the formation of Y is the highest. By contrast, if an interaction occurs
this will stabilize Y and its energy level will be lowered to a new value Yaq (AGaq is
negative). The activation barrier will then be smaller and reaction k; more facile.
The reaction rate of ki, Y formation, is described by Eq. 1.6 where is present a
contribution of both the chemical adsorption and the electrochemical process.



k1 — k?' % e—(an/RT % e—aAGad/RT Eq. 1.6

From Eq. 1.6 it is evident that not only n controls the rate, but also AG.q, the
adsorption energy of Y. It is worth mentioning that lowering the energy of Y4 has
also consequences on the back-reaction k.; and k;, that is B formation.

Without going further into details it is to note that lowering the energy of Y is
beneficial and accelerates the forward reaction, but if AG.q is too strong, reaction
k2 would become rate-determining and the process more sluggish. For a good
catalysis, the right compromise has then to be achieved, with reaction
intermediates that should adsorb neither too weakly not too strongly (Sabatier
principle). Such “volcano-shaped” dependence of the reaction rate on AGaq is a
typical feature of electrocatalysis and will be recalled later in Chapter 1.

The case exemplified above is somehow relatively simple, but it describes many
practical situations in which AG,q is the main descriptor of the electrocatalytic
activity. Fundamental research in electrocatalysis is then aimed primarily at
understanding which properties of the electrode materials affect the most the
reactivity by acting on intermediates’ stabilization. This concept has been
developed in this work, where the dependence of two inner-sphere reactions like
HER and CO;RR on several materials’ characteristics is studied by electrochemical
methods.

I.2. Water and CO; Electrolysis

The potential of electrochemistry as a tool to generate high energy chemicals is
known since the 19" century, when Nicholson discovered that hydrogen can be
produced from the electrolysis of water. Back in the days, also Jules Verne,
recognizing the finite supply of coal and the intrinsic possibilities of H, derived from
water electrolysis, said that “water will be the coal of the future”.l*”!

Two centuries later, water electrolysis is still an actual topic, and after the discovery
that also CO; can be electrolyzed and transformed at high current densities to fuels
and useful chemicals, the electrochemical reduction of CO, has become a topic of
great interest as well.13!

A schematic representation of an electrolyzer for simultaneous water and CO;

electrolysis is shown in Fig. I.3. In this two compartment electrochemical cell, CO;

10



feed gas and water are reduced at the cathode to chemical gaseous fuels like CHa,
H, and CO, and also possibly to liquid fuels like CH3OH. At the anode, water
oxidation takes place and H* ions are transported across the separator (usually a
polymeric membrane) to compensate the build-up of a concentration gradient
following H* consumption. This general design may also incorporate a solar input
power to operate the device, ideally able to run electrolysis in a “wireless” fashion
if thermodynamics requirements are met.2Y In this case appropriate
photoelectrodes have to be used, and such photo-electrochemical approach is
discussed in Chapter 3.

ﬁg 51
‘ |
< B O
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o

3

3

o
CH,OH = H0

Figure 1.2: schematic representation of a two compartment apparatus for simultaneous water
splitting and CO; reduction. CO, feed gas is converted by the cathode to fuels, water is reduced to H,,
and in the anodic compartment water is oxidized to O,. A separator allows protons exchange between
the compartment.

The free energy change under standard conditions for the water splitting reaction,
Eq. l.1c, is AG® =237.2 kl/mol. This corresponds to an electromotive force E° =-1.23
V (the negative sign indicating that the opposite reaction, Eq. I.1d, is in fact
thermodynamically favored) and set the lowest amount of energy needed to evolve
H, and O, at the two electrodes of an electrolyzer. Unfortunately, the oxidation
reaction that leads to oxygen molecules, Eq. I.1b, has very sluggish kinetics that
cause this reaction to be the bottleneck of the overall process. To drive the anodic
reaction is then required an extra-energy (i.e., an overvoltage) that causes the
practical need of E ~ 1.7 V or more to split water. The cathodic reaction, Eq. I.1b, is
much easier, has very fast kinetics, but its main limitation in the context of a
widespread diffusion of the electrochemical water splitting technology is the
nature of the cathodic material. Pt-based cathodes are indeed the best choice for
HER electrocatalysis, by virtue of a low overpotential, high turnover frequency and
a wide pH range of stability and activity.?>3” However, Pt scarcity and cost hinder
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its employment on large scale, together with its poisoning by water contaminants
and the loss of activity at neutral pH.

Commercial electrolyzers usually operate with Pt cathodes and very acid or basic
electrolytes (i.e. conditions with the fastest kinetics). However, the engineering and
development of electrodes able to tackle efficient electrocatalysis at neutral pH is
also desired. This is required for some highly promising technologies such as
MECs®® or PEC water splitting,*® where the operating conditions are dictated by
the stability of the device (i.e. microbes and photoelectrodes) rather then on the
performance of the electrocatalyst package.

1.3. Mechanisms of water reduction

Water reduction proceeds via subsequent elementary steps, that may or may not
involve the exchange of electrons at the electrode surface. They are usually known
as the Volmer (Eq. I.7a), Heyrovsky (Eq. I.7b) or Tafel (Eq. I.7c) steps.

H20+Ze_ _)HadS+OH_ qu.7a
Huqs + €~ + H,0 > Hy, + OH~ Eq. 1.7b
2Hg45 = H, Eq. l.7c

Depending on the pH at which HER is carried out, (acid, pH<5 or base/neutral,
pH>5) protons or water molecules are considered as the “true” reactants in the
Volmer and Heyrovsky steps. Some recent works, however, claim that both in acid
and base HER should proceed via the reduction of protons, produced in base by
water dissociation. The same mechanism would then describe HER even at very
different pH, with a strong contribution of the Hags intermediate, whose binding
energy with the surface referred as the solely descriptor of HER (see also sections
1.1 and 1.0.14041)

From the analysis of HER kinetic currents (i.e. not diffusion limited) is possible to
gain insights into the reaction mechanism, possibly identifying which elementary
step is the rds. Indeed, the slope b in a Tafel plot (Logi = a + b X n), displays
typical values depending on which reaction step (chemical or electrochemical) limit
the kinetics of a multistep process, like HER. It is thus possible to discriminate which
among the Volmer, Tafel or Heyrovsky step is the rds. As derived by the general
kinetic equation A.5 (see Appendix), the coefficient b is defined as:
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2.3 X RT
= —Vi < F Eq. 1.8
where ¥ ; is the observable charge transfer coefficient and is characteristic of a
given mechanism (see section A.1 in the Appendix and ref. [42] for further details].
Slopes of 118, 40 or 30 mV/dec indicate respectively the Volmer, Tafel or Heyrovsky
steps as the rds. This treatment is based on the assumption of a constant (i.e.,
potential-independent) surface coverage of H.¢s and that the electron-transfer
coefficient o = 0.5.14%
Usually low Tafel slopes are indications of fast kinetics, with the possibility to reach
at a given overpotential higher HER currents than in the case of higher slope values.
Other figures of merit of HER electrocatalysis are the exchange current density (jo),
the extrapolated current density at the thermodynamic potential E’ [H*/H,] and the
onset overpotential. The former is derived by fitting of the kinetic current with the
Butler-Volmer equation, while the latter, even if more qualitative, gives a rapid
indication about the ability of a certain material to catalyze HER. These descriptors
of the electrocatalytic activity here outlined for the case of HER are however
general, and apply also to any other electrocatalytic reaction (e.g. HOR, ORR/OER,
CO; Reduction, etc.).[*043!
A common feature of HER electrocatalysts is the levelling of performances in the
pH range from 5 to 9. In Fig. 1.4a it is shown how the onset overpotential for a Pt
disk electrode deviates from the theoretical value in the region 5 < pH < 9. This
peculiar behavior is related to the intrinsic mechanism of HER process and it has
been rationalized both theoretically and experimentally.[#44546]
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Figure 1.3: adapted from ref [44] and ref [45] a) Effect of the pH on the onset of HER current. It is clear
the deviation from the thermodynamic value of 59 mV/pH in the range 5 < pH < 9, where the reactant
switching between H* and H,0 occurs. b) Polarization curves for a Pt electrode, rotated at 1600 rpm
and dipped in a 1 M PB solution. The contributions to the overall overpotential (nwt) due to slow
kinetics (n«in), depletion of reactants from the electrode surface (Nconc) and uncompensated resistance
(mir) are shown.

As outlined by Takanabe,!*#*! and Mayrhofer,*54”) HER at neutral pH is strongly
affected by several factors, like pH changes at the electrode surface (see section
1.0). A big contribution to the overall rate of HER also comes from concentration
overpotentials (Nwnc) that may account for up to the 50% of the measured
overpotential, Nt (see Fig. 1.4b).*! Since HER at neutral pH is more limited by

III

“external” factors than the electrocatalyst itself, it is then desirable to develop new
systems, more abundant and more scalable than Pt electrodes, able to efficiently
sustain HER under these mild conditions.

It has been demonstrated that a key step for the overall HER process at neutral pH
is the intermediate formation (H.s) via water dissociation and subsequent

reduction, 041
o
H,0 @ H* + OH™ — Hy4 + OH™ Eq. 1.9

To this end in Chapter 1 it is reported the strategy to improve Hag formation, and
then HER efficiency, by integration of a nanometric shell of TiO, with Pd NPs and
multiwall carbon nanotubes, that would promote water adsorption and
dissociation at neutral pH. As it will be shown, the nanocomposite shows a peculiar
activity for HER that originates from the cooperation between the various building
blocks.

1.4. Electrochemical CO; reduction reaction (CO2RR)

The effect of an excessive production of carbon dioxide on the future climate of the
Earth is being seriously discussed,!*® and CO, reduction to organic raw materials or
fuels would help to reduce this type of atmospheric pollution. For this and other
reasons, the reduction of CO, is a very actual subject, with several attractive
features.!*!

Among the known methods for CO, reduction/conversion (e.g. chemical
hydrogenation, thermochemical cycling, biological conversion, etc.), CO,RR has
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several advantages. It operates at ambient temperature and pressure producing
very little waste aside from possible wastewater from the electrolyte and it is
scalable with a modular design. Moreover, it is usually carried out in the mild
conditions of near-neutral aqueous electrolytes (6 < pH < 9).

From a thermodynamic point of view, the direct electrochemical reduction of CO,
is highly endoergonic and requires very negative potential to occur (first entry in
Table I.1). Indeed, the standard potential for radical anion formation (an outer-
sphere reaction) is very negative, -1.85 Vrue. However, in aqueous solution, CO,RR
does not follow the radical anion formation path, but involves the simultaneous
transfer of electrons and protons, in what is called a concerted PCET process. This
concerted mechanism lowers the free energy of reaction, that is much more likely
to happen, and, as it can be seen in Table 1.1, entangles the possibility to generate
a wide variety of hydrocarbon chemistries (CH4, CO, CH30H, HCOOH, etc.). Each
reaction has a thermodynamic potential much lower than the radical anion
formation, and they all reside in a narrow potential region, a fact that somehow
implies a general poor control over product distribution.

Table I.1. Possible reaction for the electrochemical CO, reduction in water

CO; + e- > CO,°- E=-1.85 Vgue
CO2+ H,0() + 2 € & HCOy (aq) + OH(ag) E=-0.2 VRue
CO2+ HOp+ 2 e = COg) + 2 OH (aq) E=-0.1 Vrue
CO2+ 3 H0()+ 4 e - HCOH() + 4 OH (aq) E =-0.07 Vrue
CO,+ 5 H,0() + 6 e >CH30Hj) +6 OH7(3q) E =0.02 Vgue
CO,+ 6 H,0() +8 e > CHa(g + 8 OH(ag) E=0.17 Vgue
2 H,O) + 2e” 2 Hyg + 2 OH g E =0 Vrue

The thermodynamic potentials for each reaction is also reported in the RHE scale (RHE
= NHE — 0.059*pH). The hydrogen evolution reaction is a competing process.

In light of the energy-dense products that is possible to obtain, CO,RR can be seen
as a mean for energy storage (e.g. in the conversion of solar to storable chemical
energy).P>Y Of major interest is the conversion of CO; into fuels such as methane,
methanol, formate, carbon monoxide and ethylene. These chemicals can found
utilization as precursor for further chemical synthesis (e.g. CO, Ethylene), can be
directly burned (CHa), or can be used as fuels in FCs (CH30H, HCOOH). Formic acid
has also been proposed as a convenient mean for hydrogen storage.?

15



Given the complex nature of the CO;RR process and the variety of possible
products, it is very important to develop analytical protocols for the chemical
analysis of the reaction products. G.C,, I.C., L.C. and NMR, are analytical techniques
commonly used to detect gaseous and liquid products. In addition, for a
comprehensive understanding of this complex reaction is highly recommended the
use of a specific experimental setup, like gas-tight electrochemical cells coupled to
G.C. This is required for example for quantification of the Faradaic Efficiencies, then
for speculation of the reaction mechanism.

The general low selectivity of CO, electrocatalysts is one of the major limitations of
the electrochemical approach toward CO, reduction, together with the high
overpotentials requested due to kinetic complexity of the reaction.¥ If, from
thermodynamics, relatively mild potentials are required to reduce CO,, in practice
overpotentials as high as 1 V are needed to generate products with good current
densities. This kinetic hindrance arises from several factors: i) CO; is a planar
molecule with very strong bonds, and has to undergo substantial conformational
modification to be transformed. It thus should not surprise the slow kinetics of this
reaction, that translate into high n. Moreover, ii) CO, reduction, except for the
direct formation of radical anion, is an inner-sphere reaction that requires a strong
interaction with the electrode surface, with electrons flowing after that a specific
adsorption takes place. Adsorbed CO; has then to rearrange on the surface after
the addition of multiple proton-electron pairs, forming different reaction
intermediates. The stability of these adsorbed species is very sensitive on the
chemical environment at the electrode surface and dictates the nature of possible
reaction products. This inner-sphere character is also evidenced by the strong
dependence of reaction products on the electrode material.®® It is worth
mentioning that water reduction, an inner-sphere heterogeneous reaction as well,
is a competing process, with H,O that rivals with CO; for free vacant lattice sites on
the electrode. Also, iii) the poor solubility of CO; in water, 38 mM at 25°C and 1 atm
CO,, limits the maximum expected current densities to values of ~ 10 mA/cm?.
Nevertheless, despite these challenges, the possibility to transform a harmful gas
into useful products gives tremendous value to the electrochemical CO; reduction
process, motivating research efforts in the field.

Thus far, the bulk of experimental studies has focused on metal electrodes. It has
been found that metals like Au, Ag and Pd primarily produce CO, while Sn, In, and
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Pb produce formate (HCOO").13¥! Cu is by far the most active electrocatalyst, being
able to produce a very rich array of products,® but up to now its lack of selectivity
and its facile poisoning by the electrolyte has limited practical applications. The
mechanisms that govern product selectivity in CO, reduction, especially in the case
of Cu, are still an open question. Anyway, it is generally accepted that the selectivity
is strongly dependent on the stabilization of the reacting intermediates at the
surface, where PCET reactions take place.3°>>

In order to improve the selectivity of CO, reduction it is then likely needed to
optimize the chemistry at the electrode surface, so as to drive and stabilize the
adsorption of reaction intermediates, that can in turn lead to the formation of
specific products. In Chapter 3 it is highlighted how the integration of
nanocrystalline cerium oxide (CeO,) in a carbon-based nanocomposite not only is a
valid platform for CO, adsorption, but also efficiently mediate the electro-
hydrogenation of CO; to formic acid.

1.5 Photo-electrochemical Hydrogen Evolution (PEC HER)

Energy harvested directly from sunlight offers a desirable approach toward fulfilling
the need for a clean energy. Solar energy is a widespread and inexhaustible natural
resource. Each day hits the Earth’s surface enough solar energy to satisfy the
world’s population energy demand for the next 16 years at present rates of
utilization.®” However to harness this huge potential remains a big challenge, with
scientists that have to leverage the actual state-of-the-art of solar devices, in a way
to provide a reliable and economic carbon-free source of electricity or fuels.

To fully utilize solar energy, making its development realistic on the global energy
scale, it is very important to overcome the intrinsic limit of a daily and seasonal
variability. It is then fundamental to efficiently convert sunlight into chemical fuels,
in an equivalent process to what nature does with photosynthesis. The efficient
splitting of water into hydrogen (and oxygen), would provide a clean fuel whose
only waste product upon utilization is water.5°! Due to similar thermodynamic
requirements with water splitting, also the reduction of CO; to hydrocarbons is a
feasible, and even more appealing, process. The ultimate goal of these approaches
is the realization of an efficient photo-electrolysis cell that can simultaneously drive
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both hydrogen evolution/CO, reduction and water oxidation, possibly in an
unassisted fashion.3%°%5%1 To accomplish this new, artificial photosynthesis scheme,
an economically viable water splitting cell needs to be developed.!®”

The famous work by Honda and Fujishima in 1970, in which the authors reported
electrochemical photolysis of water using TiO,, has been a milestone for the actual
energy research. From that paper, altogether with the global energy crisis of the
early 1970s, the connection between the potentiality of photo-electrochemistry
and solar energy became clear and received worldwide attention. Another, more
recent and serious, energy crisis prompted again new efforts in the field, hopefully
with the awareness that this is the last train for a big change. As Churchill said
“people and countries can do the right thing once they have exhausted all other
alternatives”.[6%

In a PEC device, water splitting can be achieved in a number of different ways. In
general, core of the device is the photoactive semiconducting material able to
absorb photons and convert them upon generation of a photovoltage. These
photoelectrodes can be one (single band gap device) or two (dual band gap device),
arranged in different possible configurations (Fig. 1.5).5% Regardless of the way they
are combined, the liquid/solid junctions in PEC devices present unique challenges
to sustain the necessary photovoltages and drive the reduction (at the
photocathode) and oxidation (at the photoanode) reactions. In general, PEC
devices for water splitting have to harvest efficiently large part of the solar
spectrum, to be very stable (i.e. years) and to exhibit rapid charge transfer reactions
at the semiconductor/electrolyte interface. It is then very important to address, at
the basic research stage, also stability measurements and optical/electrochemical
characterization of the devices.®?
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Figure 1.4: possible semiconductors’ configurations for PEC water splitting. In a) a n-type photo-anode
is coupled to a metallic cathode. b) p-and n-type semiconductors are coupled in a tandem device,
with HER occurring on the p-type photo-cathode and OER on the n-type photo-anode. In c) a p-n
junction is connected to a n-type photo-anode. In this specific case the photovoltage generated by
the buried PV, Vpy, is required to match the energy level of the H*/H, couple and promote HER. In d)
two p-n junctions are present, and both are covered by metal electrodes, at which both HER and OER
occur. Nox and mox represents respectively the overpotentials for OER and HER that originate
depending on the band energies of the semiconductors involved.

Usually, a dual band gap configuration is advantageous because it allows to obtain
a higher solar energy conversion efficiency to hydrogen (or STH)®* thanks to a
higher obtainable photovoltage. Moreover, it enables to spatially resolve the water
splitting half reactions at two different liquid/solid interfaces (fundamental for
practical applications to avoid H, and O; recombination). Reason of the higher
efficiency for dual band gap devices is the possibility to capture more efficiently the
incoming sunlight using semiconducting materials with complementary absorption
of the solar spectrum. Such systems can approach and also exceed the maximum
thermodynamic efficiency of 31% for the conversion of solar energy into electrical
free energy, as calculated by Schockley and Queisser for a single absorber.!®¥

As previously mentioned, the energy required to split water corresponds to 1.23
eV. Suitable semiconductors have then to absorb photons of energy >1.23 eV, and
convert this energy into H, and O, (the overall process is 4e’, then 4.92 eV are
required). This process to be efficient have to generate photo-excited electron-hole
pairs with the right energy. Ideally, a single semiconductor with a band gap (Eg) >
1.23 eV can split water if it has conduction band-edge energy (Ecs) and valence
band-edge energy (Evs) that straddle with those of the electrochemical potentials
of the (H*/H,) and (0,/H,0) redox couples (Fig. I.5). This fact limits the utilization of
single band gap semiconductors because, despite the optimal E; of some of them
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(e.g. 1.4 eV for GaAs, 1.3 eV for InP), poor or no overlap of band energies with the
energy of water half-reactions prevent water splitting to occur. Moreover, charge-
carrier recombination, and the electron-transfer processes at
semiconductor/liquid junctions produce losses (mainly due to slow kinetics) that
rise the energy required to drive water splitting to 1.6-2.4 eV for each generated
electron-hole pair.®>%! This practical need for 1.6-2.4 eV motivates the use of
multiple semiconductors with different energy gaps, so to increase the output
photovoltage.

In addition to an optimal band gap for solar absorption, semiconductor
photoelectrodes must have excellent oxidative/reductive stability in contact with
aqueous electrolyte solutions. This means that the oxidative and reductive
decomposition potentials must be respectively more positive and more negative
than the Evg and Ecs for water oxidation and water reduction.?

A common strategy in PEC water splitting is to study and optimize separately each
half reaction. The photoelectrode of interest (-cathode or —anode) is then used as
the working electrode in a classical three electrodes cell, where the “other” half
reaction occurs at the auxiliary electrode. This configuration allows to evaluate the
properties of each electrolyte/semiconductor interface, otherwise impossible in a
two-electrodes cell. By varying the potential (i.e. the Fermi energy) at each
liquid/solid junction, both in the dark and under illumination, information on the
photovoltage, band edge energies, carriers’ lifetime and dynamics, surface states,
reaction kinetics, etc. can be obtained. The evaluation criteria of PEC water splitting
devices originate from the field of photovoltaics/solar cells and many efforts have
been spentin order to standardize the protocols for materials’ characterization and
results’ presentation. This is due to avoid misunderstanding and for at-a-glance
comparison of the key figures of merit that define the potentiality of a certain
material. Several aspects have thus been standardized: from the light source, the
broadband solar AM1.5g illumination,®® to efficiency benchmarking (STH, EQE,
etc.).[¢”

Coming back to the possible configurations of a PEC device, the situation shown in
Fig. 1.5d, where two p-n photovoltaic modules are connected and coated with
metal electrodes, is analogous to connect in series a PV with an electrolyzer. In this
approach there is no electrolyte/semiconductor junction and the majority carriers
(holes for p-type, electrons for n-type semiconductors) are injected into the
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solution through the surface metallic layer which buries and protect the underlying
p-n PV cell. If the surface protective layer is thin enough (e.g. nm-thick), also thin
films metal oxides, usually not intrinsically conductive, can be adopted for this
purpose. Photo-excited electrons may thus flow from the p-n junction to the
solution through the nanometric oxide, which completely isolates the
semiconductor without affecting light absorption. This strategy has been recently
demonstrated to be very promising, especially for the possibility to use classical,
well-known, low band-gap semiconductors, like Si or GaAs.[®*7% The protection of
these semiconductors, otherwise easy to photo-corrode or photo-passivate in
aqueous solutions, enables to obtain high current densities, capitalizing their light
absorption capability (their band-gap allow to approach the 31% Schokley-Queisser
limit).B”7% The need for protection layers has been extended not only to “buried”
p-n junctions, but also to the most promising new semiconductor materials like
Cu,0, BiVO,, InP, TaOxNy, etc. which are often not intrinsically stable in contact with
water.!’?

This approach is thus very flexible, with the possibility to adapt the protective layer
to the application of interest and depending on the underlying semiconductor. In
Chapter 3, the utilization of a nm-thick protective layer of SrTiO3 oxide on top of a
n-p GaAs PV cell for the PEC hydrogen evolution is presented and discussed. The
growth of an epitaxial SrTiO3 layer and the optimal band engineering of the device,
have shown to drive hydrogen evolution at neutral pH without the need of any
catalyst on the surface.
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Chapter 1

Hydrogen Evolution Reaction

1.0. HER: Introduction & motivation

Lot of work in the field of electrocatalysis is nowadays focused in the development
of cheap and abundant materials for the efficient conversion of H,O into H, and O,
and vice versa. Much attention is devoted in the field of energy conversion and
storage for the great impact that technologies like lithium-air batteries, FCs and
water-splitting devices can have to our society. All of them deal with the inter-
conversion of H,O/H,/0; at an electrode, where electrons have to be efficiently
injected/extracted at the possible highest rate.!*!

In this context, electrolyzers and fuel cells play a crucial role for the development
of a sustainable society. Renewable hydrogen is seen as the optimal mean to
connect these technologies,® as it is produced from water electrolysis (HER) and it
can be subsequently consumed as fuel in FCs (HOR). On one side, H, generated
from the reduction of H,O can be linked to renewable electricity (e.g. solar, wind,
geothermal), to bio-driven devices (microbial cells, algae plants) or to artificial
photosynthesis schemes. On the other end, hydrogen, as carbon neutral energy
vector, is pivotal for FCs technology, or it can be used as primary fuel for generators
and engines, or as chemical commodity for some major industrial processes like
synthetic fertilizer or hydrocarbon productions. Huge research effort on renewable
hydrogen economy should aim at an increased electrolytic efficiency coupled with
broad flexibility of production and delivery, so to foster a pervasive technology
integration.

The turning point is to be sought in the improvement of the electrocatalytic
efficiencies for both HER and HOR. HER occurs by reduction of water at the cathode
of a water-splitting device. In order to meet the device requirements, the efficiency
and modularity of HER are mainly dependent on the electrocatalyst package. Pt is
a very well-known, active, and durable catalyst for this reactions under various pH
and temperature conditions, however Pt scarcity represents a big hinder for its
employment on large scale.'*”! Moreover, its huge decrease of performances at
neutral pH underlines the need for alternatives. The engineering of innovative
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cathode composites able to tackle efficient HER at neutral pH is then required, since
these are the operating conditions of some highly promising technologies such as
MECs, PEC device or solar water splitting through bio-inspired artificial
photosynthesis.[®! For these technologies the most suitable pH values are not
determined by electrocatalytic performance, but rather by semiconductors’ or
bacteria’ stability, some of which only exhibit strong performances in neutral
conditions.

In general, the behavior of electrocatalysts at neutral pH is not well investigated.
Also for Pt, the most studied material, only recently have appeared some
comprehensive works analyzing HER and HOR activities and kinetics.!*0-3]

A common feature of HER electrocatalysts is the levelling of performances in the
pH range from 5 to 9. In Fig. 1.1a it is shown how the onset overpotentials for HER
of a Pt disk electrode deflect from the theoretical values between 5 < pH < 9. In this
region the AE’ shift of -59 mV/pH as derived from Nernst equation is not observed
and the overpotentials attain a constant value. At pH above the threshold value,
pH =9, Pt recovers the ideal trend. This behavior has been ascribed to a switching
in the intrinsic mechanism of HER, and it has been rationalized both theoretically
and experimentally.[*%%3]
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Figure 5.1: adapted from ref [12] and ref [13]. a) Effect of the pH on the onset of HER current. It is
clear the deviation from the thermodynamic value of 59 mV/pH in the range 5 < pH < 9, where the
reactant switching between H* and H,0 occurs. b) Polarization curves for a Pt electrode, rotated at
1600 rpm and immersed in a 1 M PB solution. The contributions to the overall overpotential (ntt) due
to slow kinetics (1«in), depletion of reactants from the electrode surface (1conc) and uncompensated
resistance (i) are shown.
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HER proceeds via subsequent elementary steps that may or may not involve the
exchange of electrons at the electrode surface. They are usually known as the
Volmer (Eq. 1.1a), Heyrovsky (Eq. 1.1b) or Tafel (Eq. 1.1c) steps.

H,0 2 H* + OH™ + e~ > Hgqs+ OH™ Eqg.1.1a
Hyys + e~ + Hy,0 > Hy + OH™ Eq. 1.1b
2H 4 — H, Eq. 1.1c

Depending on the pH at which the reaction is carried out, (acidic, pH < 5 or
basic/neutral, pH > 5) protons or water molecules are considered as the “true”
reactants in the Volmer and Heyrovsky steps. The sharp change of the trend in Fig.
1.1a at pH = 5 was indeed regarded as a switching of the reactants from H* to H,0.
The former has faster kinetics, while the reduction of the latter is much slower and
requires at neutral pH higher overpotential to occur, that are in turn associated to
high energy losses. However, other interpretations have been proposed.!**! Despite
the simplicity of the reaction (HER is often taken as a model example of electrode
kinetics) after decades of studies there is still a debate about the real mechanism
of HER at different pH.* A recent, very detailed, work based on experimental
results, supported the thesis that regardless of the pH, HER should proceed via the
reduction of protons, produced in basic solutions by water dissociation (left end of
Eg. 1.1a). The same mechanism would then describe HER even at very different pH,
with a fundamental contribution of the H.4s intermediate formation, whose binding
energy is referred as the unique descriptor of HER.*

All the mentioned works, however, share a common point, that is the limited
availability of protons at neutral pH at the electrode surface. This obvious fact limits
the kinetics and generates high concentration overpotentials (1conc). As outlined by
Takanabe,***3! and Mayrhofer,!*%*) HER around neutral pH can be strongly
affected by a number of possible factors: local pH changes, Ncwnc , and, if the
solution is buffered (e.g. PB), also from buffer concentration. In unbuffered
electrolytes the reduction of protons/water induces modification of the effective
surface pH, i.e. within few micrometers from the surface, then altering the kinetics.
The use of buffers can eliminate this effect, but also protonated and deprotonated
buffer species are involved in HER and can generate 1Nconc as high as 50% of the total
amount, Neot . Niot is defined as (Nwot = Nir + MNkin + MNeonc ) Where Miin is the kinetic

overpotential and s is the overpotential due to uncompensated resistance. In Fig.
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1.1b the contributions of each n; term on Mt at neutral pH at a Pt disk electrode
are shown. From the plot it is evident how i is only slightly affecting HER activity,
with the highest detrimental effects coming from nconcand mnis.

Since HER at neutral pH is more limited by “external” factors other than the
electrocatalyst itself, it is then desirable to develop new systems, more abundant
and more scalable than Pt electrodes, that may promote sustainable HER under
mild conditions. This task can be accomplished by the rational design of
nanostructured materials able to increase the rate of HER improving the formation
of intermediate species (Haas). A possible strategy is envisaged in the promotion of
water dissociation, H,O S H* + OH', reaction that precedes the electrochemical
step of Hags formation via proton reduction (H* + e — Hags). Promoting water
dissociation, hence the availability of free protons, would then speed up Hags
formation, a key step for the overall HER process. If one succeeds in increasing the
availability of protons at the surface at neutral pH, the electrocatalytic HER would
be improved. Markovic and coworkers!*®! have shown that HER activity on state-of-
the-art Pt metal can be increased 8 times thanks to the controlled arrangement of
3D Ni(OH); nanoclusters onto the Pt surface that are able to promote water
dissociation in alkaline media. The authors related the increased activity to a
bifunctional effect of Ni(OH),, whose edges would promote both water dissociation
and the production of Hags intermediates that would then recombine on the nearby
Pt surfaces to give H, in a more efficient way. With an analogous approach, the
same group reported also how HOR can benefit from the improved adsorption of
reaction intermediates.!”!

In this chapter is presented an innovative strategy to improve the rate of HER at
neutral pH by means of a carbon-based mixed organic-inorganic nanocomposite.
Taking inspiration from the above works, the electrocatalyst consists of a
hierarchical structure in which a mesoporous shell of nanocrystalline titanium
dioxide is able to promote the efficient water dissociation reaction, while Pd
nanoparticles and multiwall carbon nanotubes cooperate to lead to an overall
remarkable activity for HER at neutral pH.
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1.1 Nanostructures for H2 Evolution Reaction

In order to catalyze HER at near-neutral pH it is here reported the study of
carbon-based nanostructures, a particular class of nanocomposite
materials. Focus of the work is the electrochemical characterization of these
electrocatalysts, that are able to capitalize several advantages of
nanotechnology, like the possibility to tailor the design of nanometric
assembilies.

This work was developed within the “Nanosolar” project, funded by the
Italian Ministry of Education, that aimed at the development of efficient
platforms for energy conversion applications. In the project have been
involved several research groups, among those the Carbon Nanotechnology
Group (CNG) of Prof. Maurizio Prato and the Materials, Environment and
Energy (MEE) group of Prof. Paolo Fornasiero, both at the University of
Trieste, that carried out the synthesis and part of the physical
characterization of the electrocatalysts herein studied.

A schematic image of the investigated nanocomposites, generically labelled
MWCNTs@M/oxide, is given in Fig. 1.2, together with the design strategy
that is basically a combination of ex-situ and in-situ methods.

Pd
? MWCNT@TiIO,
Pd/TiO, MWCNT@Pd/TiO,
MWCNT-ox t . 4

AN hydrolysis
)

Figure 1.2: scheme of the synthetic procedure for the production of the electrocatalyst
MWCNT@Pd/TiO; and the model systems MWCNT@TiO, and Pd/TiO,

The synthesis of the resulting MWCNTs@M/oxide structures involved the use of
three building blocks, namely oxidized MWCNTs (MWCNTs-ox), functionalized
metallic particles and a metal alkoxide, the precursor of the oxide shell.l*®

Specifically, the resulting nanocomposite is formed of core-shell metal@oxide
particles supported on conducting MWCNTSs. This approach is highly flexible and
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versatile, and enables to tune both the composition and concentration of all the
components, as well as the thickness of the oxide layer surrounding the MWCNTs.
By the rational design of these nanostructures metal NPs like Pd and Pt, or oxides
like TiOy, ZrO,, CeO; can be easily grown at choice, depending on the desired
properties of the final materials.

In this Chapter the electrochemical activity of MWCNT@Pd/TiO; are reported and
discussed, together with those of the two related model systems Pd/TiO, and
MWCNT@TiO,. The former model allows to address the effects of MWCNTSs, while
the latter to specifically discern the activity of the nanocomposite in the absence
of Pd NPs, that are the catalytic cores where HER is supposed to occur.

In the next Chapter that focusses on the electrochemical CO, reduction, will be
presented similar nanoarchitectures that contain a different oxide shell, namely
CeO0,. Changing the oxide from TiO, to CeO, strongly affects the properties of the
electrocatalyst, that is however also strongly influenced by the interaction of the
oxide shells with the wrapped MWCNTs.

The essential idea for the preparation of MWCNT@Pd/TiO, is that the
functionalized Pd particles and the MWCNTSs bind to the Ti-alkoxide thanks to the
presence of carboxyl groups on the MWCNTs that displace the weak alkoxide
ligands. In the first step, the Pd/TiO, building blocks are prepared by reacting Pd
particles (1% wt.) with the Ti-alkoxide. The so-formed Pd/TiO, particles are then
connected to the MWCNTSs (20% wt.) by reaction of the MWCNTSs with the alkoxide
linkages that remain available on the Pd/TiO, particles. This supramolecular
ensemble is subjected to a controlled hydrolysis of the remaining alkoxide groups
to obtain uniform MWCNT@Pd/TiO, composites, that were finally allowed to dry
at 180°C. The method is easy to implement by simply placing the three building
blocks in appropriate solvent mixtures (see ref. [18] for further details). The
resulting MWCNT@Pd/TiO; present a shell of TiO, in the order of 10-15 nm, with
Pd NPs homogeneously dispersed within the oxide matrix. The mesoporosity of
TiO; allows a good exposure of the Pd catalytic cores to the electrolyte, ensuring
an optimal architecture for HER to occur.
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As will be outlined later in the Chapter, the effects of a thermic treatment both on
the physico-chemical and electrochemical properties will be evaluated. The
samples underwent a calcination procedure from RT to a value of 250°C for 5 hours,
with a heating ramp at 3°C/min and a cooling down at 4.5°C/min.

Within this thesis, another parameter that involved a change in the synthetic
procedure has also been varied, namely a different chemical functionalization of
the MWCNTs building block. The carboxyl groups present on MWCNTs are
fundamental to template the growth of TiO,, and to this end it was evaluated the
effect of a different separation between the carboxylic groups and the carbon
nanotubes. This has been accomplished by functionalization of MWCNTSs either i)
with carboxylic groups directly attached on the carbon scaffold, or ii) with benzoic
functionalities in which the carboxylic groups are separated from the MWCNTs by
phenyl moieties.

The first functionalization has been obtained by chemical oxidation of the MWCNTs
using a 3:1 mixture of concentrated H,SO, and HNOs, while the benzoic moieties
have been attached using diazonium chemistry, following the approach proposed
by Tour.'® As mentioned, the carboxylic groups are necessary to template the in-
situ growth of the TiO, shell. Using the “Tour-method” a more uniform
functionalization of the MWCNTs was achieved, that in turns gave a more
homogenous coverage of the oxide. The effects of such different functionalization
are highlighted in section xxx.

The various nanocomposites, both MWCNT@Pd/TiO,, the metal-free
MWCNT@TiO; and Pd/TiO, have been thoroughly characterized by means of HR-
TEM and Raman, XPS, TGA, UV-Vis spectroscopy and BET adsorption, not shown in
this work except for some relevant HR-TEM images reported in Fig. 1.3 (further
information can be found on ref. [18]) and an Electron Tomography in Fig. 1.4.
Other characteristics of MWCNT@Pd/TiO; such as BET areas and pores’ volume
and diameters are summarized in Table 1.1.
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Figure 1.3: Representative High-Resolution Transmission Electron Microscopy image of
MWCNT@Pd/TiO,. a) Zero-Loss Energy-Filtered TEM (EFTEM). b) and ¢) EF-TEM images which
highlight the chemical composition of the oxide shell around the MWCNTSs. Courtesy of Lucia Nasi
(IMEM-CNR, Parma).

sample Surface area Pore Volume Dinax
(m?/g) (mL/g) (nm)
Pd@TiO; 325 0.23 3.8
MWCNT@Pd/TiO 172 0.25 47

Table 1.1: characteristics of the nanocomposite MWCNT@Pd/TiO; and the building block Pd/TiO, as
determined by BET measurements.

Figure 1.4: Electron Tomography image of MWCNT@Pd/TiO,. The purple spots are the Pd NPs
embedded within the mesoporous TiO; shell. Courtesy of Lucia Nasi (IMEM-CNR, Parma)

Fig. 1.3a shows a representative HR-TEM image of MWCNT@Pd/TiO; in which is
possible to see a homogeneous coverage of the MWCNTs. The chemical nature of
the shell has been investigated by EELS analysis (Fig. 1.3b and 1.3c), which revealed
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the presence of Ti and O atoms around the C-backbone, confirming the uniform
coverage of TiO,. As it will be shown later in the Chapter, the regular coverage of
MWCNTSs will allow to rationalize the properties of the MWCNTSs-TiO, interface on
the basis of EIS results. Such interface is fundamental in governing the
electrocatalytic activity of the nanostructures. The electron tomography image of
Fig. 1.4 provides an overall picture of the MWCNT@Pd/TiO, nanostructure; here
the three building blocks are clearly visible, even the Pd NPs embedded within the
TiO; shell.

1.1.1. MWCNTs

The electronic properties of MWCNTs are very well known,?? and their
employment in the field of electrocatalysis has been shown to be extremely
beneficial. The activity of heterogeneous and homogeneous catalysts (when
attached on MWCNTs) can be improved by the interaction with the carbon
structure.?*23) Numerous examples are reported, where the activity for HER,?
OER,'*'ORR,?®! is promoted by the presence of MWCNTSs. However, it is not always
clear the way MWCNTs promote the mentioned reactions, whether by simply
providing a high specific surface area for the catalysts (then without affecting the
reaction rate), or for their high electronic conductivity, or because they can
increase the reaction rate (by electronic effects, presence of catalytic impurities,
etc.) or finally by a combination of all of the above.!?”! In this study, MWCNTs have
been originally chosen to increase the conductivity of the nanostructures, since
that of the TiO; shell is not optimal. Moreover, they also play a structural role since
they provide during the synthesis the skeleton around which the shell of oxide is
grown, and the very high aspect ratio has been shown to be fundamental to achieve
mesoporous oxide shells with nanometric thickness. As will be shown, however,
the beneficial effects of MWCNTSs go well beyond those initially hypothesized, and
contribute to improve significantly the electronic properties of TiO; thus resulting
in better performance of the catalytic system.

1.1.2. Pd

Platinum is the HER electrocatalyst of choice thanks to its optimum tradeoff
between adsorption and desorption of reaction intermediates. In the field of
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catalysis it is widely accepted the concept that “in media stat virtus” incorporated
within the Sabatier’s principle. Volcano-shaped plots are commonly used to
evidence that the best catalytic activity is achieved when the effects of a given
descriptor are rightly balanced.!?82°

In the case of HER, the binding energy of hydrogen atoms on the electrode surface
(Haas) is widely accepted as the main descriptor; a neither too weak nor too strong
H adsorption is needed to obtain the optimal HER activity. This is valid at any pH
and in Fig. 1.5a the trend of HER current is shown as a function of H binding energy
for several metal surfaces in basic solution. As it can be seen from Fig. 1.5b, the
highest activity is found for Pt, with Pd, however, being the best alternative. As
mentioned, at these pH values, as well as at neutral pH, Hags formation is a key step
of HER. Therefore, optimizing H.ss formation is likely to translate in better
performances. For this reason, Pd represents an optimal choice and it is chosen as
the active catalytic core for the nanostructures studied in this work.
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Figure 1.5: a) Tafel plot in base (KOH) for various metal electrodes. The exchange current density
derived by extrapolation at Egye= OV are plotted in panel b). b) Plot in which the exchange current
density for the metals in panel a) is plotted against the binding energy of H.4s on the metallic surface.
A classical Volcano relation occurs, with Pd, highlighted in red, being the best metal after Pt. Adapted
from ref. [30]

This approach has also the advantage to replace Pt with a more abundant metal.%
Even if still precious and rare, Pd is extensively used in car converters and it can be
reconverted from exhausted spare parts. Moreover, it has the additional

advantages to be nontoxic or un-allergenic by contrast with other investigated
systems, such as Ni-based catalysts.
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1.1.3. TiO;

As sketched in the previous section, fostering water dissociation at pH in which the
availability of free protons in solution is limited, is bound to translate in better HER
activity;*®! HER is thought to involve the H.qgs intermediate at any pH, and a higher
local concentration of H* is clearly expected to allow an easier formation of Hags.
Metal oxides are in general rather effective for the water O—H bond cleavage but
they are pretty poor in promoting the recombination of the resulting Hags
intermediates to H,.’?34 Therefore, optimal HER catalysts can be designed by
combining metal oxides with the catalytic proficiencies of metals, creating bi-
functional M/MOx systems.3>3¢! With this respect, core idea of this work is to
improve HER increasing water dissociation onto the TiO, shell. Water adsorbs both
dissociatively and molecularly on TiO; surfaces, with the binding that occurs at the
acidic fivefold coordinated Ti** sites.’”? The bonding with the surface weakens the
water O-H bonds thus favoring the release of protons in solution. This situation
would generate a higher local concentration of H* that together with the
concomitant presence of Pd NPs where Ha.qgs formation can easily occur, would give
to the nanostructures desirable attributes. It is also not to exclude that the TiO,
surface itself may vehicle protons to the Pd NPs in a sort of spill-over mechanism.

1.2 Electrochemical characterization of MWCNT@Pd/TiO»

The electrocatalyst MWCNT@Pd/TiO; as well as the model systems MWCNT@TiO;
and Pd/TiO; have been characterized in a neutral PB 0.1 M aqueous solution. The
solutions have been freshly prepared before each experiment by mixing
appropriate amounts of the mono- and di-hydrogen phosphate salts Na,HPO,and
NaH,PO, - 2H,0. The pH of the resulting solutions is pH = 7.4.

Electrochemical experiments have been carried out in a three electrode PTFE cell
at the bottom of which is placed the working electrode, usually a SPE. As counter
electrode a platinum spiral is used, and as reference electrode a Ag/AgCl (3M).
Potentials, if not otherwise specified, are always reported in the Reversible
Hydrogen Electrode scale (Erne = Eag/agal - 0.21 V -0.059*7.4 = Eag/agal -0.65 V). The
SPE electrode is properly isolated from the external with on O-ring that is tightened
into the body of the PTFE cell with two connecting screws. Before each

measurement the solutions have been degassed for at least 20 minute with Ar to
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ensure a complete removal of dissolved O,. When a GC working electrode was used
a standard three-electrode electrochemical cell was employed.

Thin films of MWCNT@Pd/TiO,, MWCNT@TiO; and Pd/TiO; are prepared by drop-
cast of the respective powders from methanol suspensions (1.6 mg/ml) directly on
the SPE substrates. 100 ul of the various suspensions are deposited with 10x10 pl
aliquots, resulting in a total catalyst loading of 80 ug (the electroactive area of the
SPE does not account for the entire area of the substrate) and 0.8 ug of Pd.

For the sake of simplicity, the electrochemical characterization has been divided
into two main sections that report respectively the effects of i) a different
functionalization of the MWCNTs skeleton and ii) a thermic treatment of the
samples.

1.2.1 Effect of a different MWCNTs-functionalization on the
electrochemical properties of MWCNT@Pd/TiO,.

The nanocomposites contained MWCNTs that were functionalized via either
chemical oxidation or the “Tour-method”; they are labelled Ox-MWCNTs@Pd/TiO,
and Tour-MWCNTs@Pd/TiO, respectively. Their electrochemical characterization
by LSV under conditions of HER is reported in Fig. 1.6, where the behavior of the
Pd/TiO, model system and of the bare GC electrode are also shown. As it can be
seen in Fig. 1.6a, the observed electrocatalytic activity is related to the different
organic functionalization, highlighting the importance of the MWCNT/TIO;
interface. The catalytic onset for the HER at the Ox-MWCNTs@Pd/TiO; and Tour-
MWCNTs@Pd/TiO; electrode is located, respectively, at ~ -0.15 Vrue and ~ -0.25
Vrhe, While overpotentials of -0.33 V and -0.37 V are needed to reach an arbitrary
cathodic current threshold of 1.25 mAcm™ (corresponding to a hydrogen evolution
rate of 80 umol-h*-cm™).

The CA experiments in Fig. 1.6b reveal steady state currents that increase
exponentially with the applied potentials; the integrated charge obtained from
such CA experiments were used to estimate the TOF for the various systems under
investigation (see section 1.2.1.3.). In Fig. 1.6b CA for Ox-MWCNTs@Pd/TiO; and
the metal-free model system Ox-MWCNTs@TiO; are reported. A comparison of
the two systems enables to decouple the contribution of Pd NPs to HER by
integration of the “net” current.
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Figure 1.6: a) LSV at 2 mV/s for ox-MWCNT@Pd/TiO, (black dashed line), Tour-MWCNT@Pd/TiO,
(red dashed line), Pd/TiO; (green solid line) and a bare GC electrode (blue solid line) in an Ar-saturated
PB 0.1 M, pH=7.4. b) CA of OXx-MWCNT@Pd/TiO, (black line) and Ox-MWCNT@TiO; (brown) in the
same electrolyte at increasing potentials: -0.5, -0.98, -1.16, -1.23 and -1.3 V vs. Ag/AgCl| 3M. Potentials
are iR-corrected. The net contribution due to Pd NPs is highlighted by the brown stripes.

In order to realize a comparative description of the intrinsic activity of different
catalytic systems, possibly characterized by very different surface extensions, it is
opportune to use a procedure that is insensitive to topological factors and that
focusses as much as possible on the properties of the active sites. In homogeneous
catalysis comparison of catalysts’ activity is usually done by measuring the TON
(number of catalytic cycles sustained by a catalyst) and TOF (an indicator of the rate
at which the reaction proceeds). TON is usually determined by quantification of the
reaction products, normalized then by the amount of catalyst present, while TOF is
simply the TON/time, indeed a frequency. In the field of heterogeneous catalysis,
it is more common to report mass-normalized and/or surface-normalized activities
that have the disadvantage to measure a “bulk” quantity. However, this approach
is not always the best choice for nanostructured systems, where the high
anisotropy and the possible presence of cooperative effects may give rise to local
different activities, whose presence would not be detected with the mentioned
methods. For this reasons, in-situ methods of surface characterization have been
developed and are particularly useful to characterize surfaces’ reactivity.

In electrocatalysis it is common to report geometric current densities. This
approach even if easy and straightforward is not good to discern information about
the real activity of the catalytic sites because it neglects the contribution of surface
roughness, and then should be discarded. For a first evaluation, a geometric area
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normalization can be used, as in Fig. 1.6a, but more accurate methodologies are
recommended.

To this end for examples the activity of Pt-based catalysts like Pt/C is often reported
taking into account the so-called ECSA, Electrochemical (Active) Surface Area,
usually measured by integration of adsorption/desorption processes on Pt.
Normalization by ECSA can give much more information then simple mass-
normalization and reveal for example that only about 20% of the total amount of
Pt present on a state-of-the-art Pt/C catalyst is electrochemically active. The
remaining Pt is not “seen” by the solution and then useless to drive HER/HOR.E®
Given the difficulty to find a unique and valid methodology for nanostructured
electrocatalytic systems, in these work it has been developed a new approach for
TON and TOF calculation that is particularly suited to compare the materials studied
in the present thesis. Doing this, it has been possible to get information about the
role of each building block and to evaluate the effects of the various treatments
(calcination and different functionalization). The strategy here adopted is entirely
electrochemical, and the derivation of the various factors that influence the TOF is
simply obtained by classical CV and CA techniques, together with a SECM-based
approach to determine the Faradaic Efficiency.

The TON (=moles of product/moles of catalyst) and TOF (=TON/time) are calculated
relating the “moles of product” to the charge exchanged during each potential step
in the CA experiments, and the “moles of catalyst” to the amount of electroactive
catalyst. The moles of products considered are those produced only by the active
Pd sites, and this is the reason why at the top of Eq. 1.2a is considered the
contribution of the metal-free model system Ox-MWCNTs@TiO; and its charge
subtracted from that of Ox-MWCNTs@Pd/TiO,. The same apply for Tour-
MWCNTs@Pd/TiO; and Tour-MWCNTs@TiO,. The so-obtained turnover number
is weighed for the F.E. of the HER as determined by SECM. The procedure is
explained in detail in the next section. Doing this, it is possible to normalize the
activity on an electroactive area basis, like the ECSA previously mentioned,
obtaining an intrinsic descriptor of the electrocatalytic activity.

Q) 0,(0) — Q2 i0,(©)
TON, = n, MWCNT@Pd/TiO, n, MWCNT@Ti0, (F.E.) Eq. 1.2a
QPd(C)
TON
TOF,(h™1) = —2— Eq. 1.2b
WD) = e ) g
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where Q,IzZMWCNT@Pd/mZ is the charge integrated from CA experiments with

MWCNTs@Pd/TiO; at each potential n, Qfl{ZMWCNT@mzis the contribution of the
metal-free MWCNTs@TiOzand Qp, is the normalization factor for the amount of
electroactive Pd as determined by CV (integration of the redox peak related to the
reaction: Pd + 20H — PdO + H,0 + 2¢e’). Time is the duration of each potential step
and (F.E.)is the Faradaic Efficiency for hydrogen evolution, revealed to be
constant at different applied potentials.

1.2.1.1. Faradaic efficiency (F.E.) quantification.

The evaluation of the TON and TOF for the various electrocatalysts studied in this
work can be directly evaluated from the cathodic currents measured at the
conducting substrate, once the faradaic efficiency of the process is known.

In order to determine the F.E. of the cathodic process, it is taken advantage of an
experimental procedure based on the use of the SECM, operated in the so-called
SG (substrate generator)/TC (tip collection) mode. This setup has ben recently
described for the rapid and high throughput screening of various
electrocatalysts,?” e.g. for ORR.[“”! For our purpose, the main advantage of this
technique is the ability to position with micrometric precision an
ultramicroelectrode (UME) probe tip very close to the electrode surface (the
substrate, i.e. the various electrocatalysts) and therefore the possibility of
investigating electrocatalytic surfaces of very small extension.*! In this case the
probe is a Pt UME anode, biased at 0.2 V (vs Ag/AgCl) so as to measure the
hydrogen evolved from the underlying substrate by HOR (H, — 2H* + 2¢e7), in a
typical generator-collector configuration.*” To highlight the effectiveness of the
H,-probe, in Fig. 1.7a is reported the simultaneous detection at the tip of the
hydrogen evolved at the substrate during a voltammetric scan. It can be seen that
the setup is able to capture H; also when it is dynamically generated during CV, but
for a more rigorous quantification it is preferred to measure F.E. under steady
conditions. For the purpose of this work, the substrate was then biased at 1 =-0.4
V in order to promote substantial HER, but F.E. have also been obtained at lower
overpotentials.

From the ratio between the current density measured at the tip (jup, HOR current)
and at the substrate (jsu,, HER current), the F.E. is then obtained using specific
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working curves, that define the maximum collection efficiency (CEmax) for different
experimental set-up (Eq. 1.3).147

FE = Jtip/Jsub Eq. 1.3
CE, .

Some important geometric parameters cooperate together to define the working
curve CEmax (Eg. 1.4), such as the tip radius (a), the substrate radius (b) and the tip-
substrate distance (d). Another very important parameter is the RG of the tip, i.e.
the ratio between the diameters of outer glass tube and of the inner Pt disc UME.
This parameter makes the expression of CEmax clearly dependent on the specific
experimental set-up used (i.e. dimension of the used tip). In this specific case, a Pt
disc UME (a = 15 um) embedded in glass (@exr = 110 um, RG = 3.66) was located at
a given tip-substrate distance above the center of the substrate electrode in an Ar-
saturated PB (pH 7.4) where it was used to collect the electrogenerated hydrogen.
The substrate electrode (generator) was a disc UME (radius 12.5 um) on which
films of the electrocatalysts were deposited by drop-cast. This ensemble is
embedded in a PDMS membrane and tightened at the bottom of a Teflon cell with

an O-ring.
2 3
CEpax = 103.38 — 2.1681 * (a%) 4 0.02585 * (ad%) — 0.0001485 # (a%) N
d 4
0.000000322 * (a_/b) Eq. 14

It is to note that the coefficients of Eq. 1.4 have been optimized for SECM tips with
an RG ratio between 3 and 6, as in our specific case (3.66).1“°’ While (a) and the RG
ratio of the probe are easily obtained by optical inspection of the UME, an
experimental procedure has to be devised in order to measure the substrate radius
(b). This is required for the fact that the MWCNTSs films extend laterally beyond the
area of the underlying UME Pt disc on which they are deposited and (b) will
therefore also depend on the porosity and conductivity of such films, i.e., on the
percolation length of the nanotubes network. A first estimation of the electroactive
surface area was then obtained by comparing the steady state current relative to
the oxidation of 1 mM ferrocenemethanol (FcMeOH) measured at the substrate
electrode before and after deposition of the electrocatalyst films. In Fig. 1.7b the
corresponding CVs are shown. The presence of the nanostructured film caused an
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increase of the stationary currents by more than 20 times. Given the
proportionality between current and electrode surface area, this correspond to a
~4-fold increase of the "electrode diameter", resulting in an effective radius for the
substrate electrode (b) = 50 um.
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Figure 1.7. a) On-line detection of the Hydrogen evolved at the substrate during a CV scan (black
curve) by the application of a constant potential at the tip (E«p = 0.2 V). The resulting i-t curve for the
tip is plotted in red. b) CV curves of 1 mM Ferrocenemethanol for the substrate electrode (& = 25 pm)
before (a) and after (b) the modification with f-MWCNT@Pd/TiO, in 80 mM LiClO, Ar-saturated
aqueous solution. Scan rate 0.05 VsL. Potentials are reported vs. Ag/AgCl/KCI 3M.

This is however just a crude approximation, since the electrical conductivity of the
film depends on percolation paths that are not necessarily isotropically distributed,
and the electrode area may in fact assume much more asymmetric shapes. Since
this would affect the maximum tip collection efficiency, the electroactive surface
area was therefore independently investigated by SECM, again in a SG/TC mode, to
obtain an electrochemical image of the substrate electrode and confirm the circular
shape of the substrate. The Pt tip (15 um) is then positioned via feedback mode
(see section A.4.1.2 in the Appendix) in a 1 mM FcMeOH aqueous solution at about

25 um above the sample (Fig. 1.8a) and then scanned parallel to the substrate.
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Figure 1.8. a) Approach curve in a feedback mode for the platinum tip microelectrode (a =15 pm ) in
1mM Ferrocenemethanol/80 mM LiClO4 Ar-saturated aqueous solution. Egp = 0.4 V (vs. Ag/AgCI/KCI
3M). b) SG/TC in the same conditions that display the real substrate geometry after the deposition of
MWCNT@Pd/TiO;,

The electrochemical image of the surface is obtained by oxidizing FcMeOH at the
substrate (Esub=0.45 V vs Ag/AgCl) and applying at the tip a bias of 0 V (vs. Ag/AgCl),
so as to detect the continuously generated FcMeOH". In Fig. 1.8b is shown an image
of the electroactive area where a nanostructured film is deposited on the substrate.
As expected, and in line with the results of the above CV investigation, such area
exceeds that of the underlying UME contact (indicated by the grey dashed circle
with radius 12.5 pum) as a consequence of the very good conductivity of MWCNTSs
films. Moreover, the area individuated by SECM is quite symmetric and may be
adequately approximated by an equivalent disc with radius 50 um (indicated by the
blue dashed circle), in very good agreement with the estimate by CV.

In order to determine the F.E. of the HER process on the electrocatalytic films, the
SECM Pt tip (a = 15 um) was finally positioned above the center of the underlying
electroactive area and then approached via feedback mode (using FcMeOH 1 mM
as a redox mediator in 80mM LiClO4) to a z-distance of about 25 pum from the film
(corresponding to 50% of the bulk current). Subsequently, the solution was
replaced with phosphate buffer, rinsed at least 10 times before the next measure,
and the H; generated at the substrate (usually at Esyp = -0.4 Vrue) finally detected at
the tip (as schematically shown in Fig. 1.9a). The intensity of the current collected
at the tip, as explained above, is affected by two factors: (i) CEmax , Which entirely
depends on geometric characteristics of the SECM detection setup, and (ii) the F.E.
of HER. CEmax is calculated using Eq. 1.4 and compared to the measured Jip/Jsub
ratio.
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In Fig. 1.9b, CEmax (black dots and line) and the experimental collection efficiency
obtained in SG/TC experiments (red dots and line) are reported as a function of the
characteristic geometric parameter d/(a/b). A comparison of the two functions
allows to evaluate the F.E. of MWCNT@Pd/TiO; for HER, that results to be in the
order of 94 + 3% for all the studied nanocomposites.
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Figure 1.9. (a) schematic representation of the SG/TC experiment used to evaluate the faradaic
efficiency of the cathodic process. Relevant geometric parameters: d =25 um is the distance between
the tip and the substrate, a = 15 um is the radius of the Pt SECM tip (embedded in a glass tube with
an outer diameter of 110 um, not in scale), b = 50 um is the radius of the electroactive area of the
MWOCNT film. The underlying UME, used to contact the MWCNT film, is indicated in light grey. (b)
experimental CE values (red dots) compared to the corresponding CEnax values obtained from Eq. 1.4
(black dots and line). Experimental conditions: Ar-saturated PB solution (pH=7.4), Etp= +0.2 Vrye, Esub
=-0.4 VRHE-

1.2.1.2. Palladium quantification (Qpa)

As previously described, in order to have a quantitative description of the catalytic
activity through the calculation of the TOF, data needs to be normalized by the
amount of electroactive Pd, the active site for HER. This entity has been estimated
by CV in a 2 M NaOH aqueous solution. Scanning the potential within an
appropriate potential window induces the formation of a surface Pd-oxide layer
onto the Pd NPs, that in the present conditions occurs easily (Eq. 1.5). The charge
related to this process is then associated to the amount of Pd that is able to sustain
a redox reaction. The classical H-UPD coulometry®®! in the case of nanoparticulate
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systems does not always give defined peaks, so the PdO procedure has been
chosen.

Pd + OH™ = PdO + H,0 + 2e~ Eqg. 1.5
Integration of the charge underneath the PdO reduction peak (labelled with I in Fig.
1.10) reveals the amount of electrochemically active Pd. The obtained charge for

each electrocatalysts studied, is then used for TOF calculation and reported in Table
1.2,

0.08
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Figure 1.10. Representative CVs for Pd quantification in Ar-saturated NaOH 2 M at a scan rate of 20
mV/s. Films of Ox-MWCNT@Pd/TiO, (black signal), Tour-MWCNT@Pd/TiO, (black signal) and
Pd/TiO; (green signal) are drop-casted on SPEs with @ = 4 mm. Peak |, the reduction of PdO, is
integrated to get the charge of electroactive Pd.

1.2.1.3. TON/TOF determination.

By measuring for each electrocatalyst the above parameters, Qpqg, F.E. and the
charges from CA, the respective TON values at different applied potentials were
then calculated by Eq. 1.2a. The obtained values for Tour-MWCNTs@Pd/TiO,, Ox-
MWCNTs@Pd/TiO; and Pd/TiO; are summarized in Fig. 1.11, which reports the
potential dependence of the TON in the three cases. The Tafel-like behavior for all
electrocatalysts demonstrates the good stability of the catalytic films and a well-
behaved ohmic contact to the underlying conducting SPE substrate. Furthermore,
extrapolation of the TON-n semi-logarithmic plots to zero overpotential provides
the TOF, intercept value. The TOF, descriptor, i.e., the catalytic rate in the absence
of any driving force, was introduced by Saveant et al. as an optimal descriptor of
the intrinsic catalytic activity for homogenous catalysts.[** The same concept is
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here extended and applied to the case of heterogeneous catalytic materials with
the procedure previously described. In a way, the TOF, resembles the exchange
current density (Jo), a classical figure-of-merit in electrocatalysis that is also
measured by extrapolation of Tafel plots.[**! The various fittings and TOF, values
are also highlighted in Fig. 1.11 (colored circles).
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Figure 1.11: a) TON as a function of overpotential for Ox-MWCNT@Pd/TiO, (black diamonds), Tour-
MWCNT@Pd/TiO; (red diamonds) and Pd/TiO; (green diamonds). TOF, values are extrapolated at
Erne= 0V and are obtained from TON/time.

The TON and TOF, values for Tour-MWCNTs@Pd/TiO, (TOFo = 133 h) and Ox-
MWCNTs@Pd/TiO, (TOFo = 242 hl) are not very dissimilar, even if the activity of
Ox-MWCNTs@Pd/TiO, remains consistently higher in the entire potential region.
Their behavior is similar to what observed by LSV (Fig. 1.6a), where Ox-
MWCNTs@Pd/TiO, was the most active displaying lower overpotential ( ~70 mV)
at a given threshold current. However, after taking into account all the various
factors previously outlined, the performance gap between the two
nanocomposites is not that high. The different activity seen by LSV likely arise from
a lower availability of Pd in the Tour-MWCNTs@Pd/TiO, samples. A simple
normalization by the geometric area does not remove this possible intrinsic
incongruence, whose contribution is finally overcome with this approach and lead
to a reduction of the gap with Ox-MWCNTs@Pd/TiO,. In the case of Pd/TiO,,
however, the much lower performances than the C-based nanostructures observed
by LSV still persist, and a significantly lower TOF, value of 47 h'! is measured. This
fact is a first indication of the important role played by the carbon backbone in
promoting the catalytic activity of the metal nanoparticles. This fundamental
contribution of the MWCNTSs will be exhaustively investigated in the next section
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by EIS. Finally, films obtained from physical mixtures of MWCNTs@TiO, and
Pd/TiO; led to much worse electrocatalytic activities accompanied by significantly
higher capacitive currents (not shown), thus highlighting the synergic effects and
advantages deriving from the nanoscale integration of the two components in both
the Tour- and Ox-MWCNTs@Pd/TiO, nanohybrids.

1.2.1.4. Mott-Schottky analysis: introduction and theory

Electrochemical Impedance Spectroscopy is a powerful tool to study the properties
of the electrode/electrolyte interface. With this technique the potential is
sinusoidally varied at different frequencies around a mean value, and the measured
current is evaluated from its in-phase or out-of-phase response with respect to the
perturbation wave.

Such phase response is induced by the physical processes present in an
electrochemical cell (accumulation of charge, charge transfer, diffusion,
resistances, etc.). These processes are embodied by different electrical elements
(resistors, capacitors, inductor, etc.), whose parallel and series combination
completely define an electrochemical system.

For the purpose of this work EIS has been used to study the variation of the
electrode capacity (a differential capacity, dQ/dV) as a function of the applied
potential (Mott-Schottky analysis).

M-S analysis is typical in the field of semiconductor electrochemistry and is here
applied in the case of MWCNTs@Pd/TiO, for the semiconducting nature of the
titaniashell. Indeed, TiO; is a wide band gap semiconductor and when electrons are
transferred in or out of the surface, charged regions, region of “space charge”
result. The build-up of a space charge region is peculiar of semiconductors and is at
the basis for the possibility to evaluate the potential dependence of the electrode
capacity.

The excess charge in the space charge region may result from both immobile ions
or mobile carriers (electrons or holes) and readily occurs when a semiconductor is
dipped into a solution. In the case of TiO,, a n-type semiconductor, as a result of
the electric field that build-up at the interface, the valence and conduction bands
bend “upwards” as highlighted in Fig. 1.12. The magnitude of the bending is Vsc the
potential of the space charge and depends on several factors. However, Vsc can be
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controlled by the application of an external voltage and in principle different forms
of space charge layer can be produced. For example, it is possible to accumulate or
deplete the surface from majority carriers, so that accumulation or depletion layers
would result. This has a great impact on the rate of electrochemical processes, since
if the bands are bent such as to move majority carriers to the surface high currents
can flow. However, if the voltage is reversed and majority carriers are drawn away
from the surface, the barrier height Vsc is increased and negligible currents will
flow.
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Figure 1.12: representation of possible space charge regions for an n-type semiconductor like TiO>. a)
Formation of a depletion layer in which majority carriers (electrons) are drawn away from the
semiconductor/electrolyte interface (on the left). b) Accumulation layer formed when the
semiconductor is forward biased (E,pp is made more negative and Vs is reduced).

Electrolyte

If the Fermi energy of the semiconductor electrode is made enough negative (for
n-type) or positive (for p-type), the depletion layer that usually forms after
equilibration with the solution is progressively reduced until is reached a situation
where the bands are completely flat (Vsc= 0 V). At that point substantial variations
in the space charge capacity take place and they can be easily detected by EIS.1¢!

In a depletion layer (Fig. 1.12b) the capacity is very low because of the large
distance between conducting ions and mobile carriers (electrons for TiO, that are
away from the surface). By contrast, when an accumulation layer is formed the
space charge capacity is much higher since the distance between ions in solution
and mobile charges that accumulate at the surface is small (Fig. 1.12b). The
transition between these opposite scenarios can be observed experimentally
recording EIS spectra at different applied potentials. The classical Mott-Schottky
equation (Eq. 1.6) describes quantitatively the relation between the space charge
capacity (Csc) and the applied potential (E). From the interpretation of the C/E data
(also known as “Mott-Schottky plot”) two important parameters can be derived:
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the flatband potential, Ers (When Vsc = 0 V), and the density of charge in the space
charge region (Nsc). Ers is determined by extrapolation, while Nsc is measured from
the slope of the Mott-Schottky plot. In this specific case, where an n-type
semiconductor is analyzed, Nsc is referred to Np, the donor density in the

1 2 k,T
2 (E_Efb_ - j Eq. 1.6
Csc &g Np e

conduction band.

(where ¢ is the relative dielectric constant, & the permittivity of vacuum, e the
electronic charge, ks the Boltzmann constant).
It is important to mention that the possibility to get very useful information from
measurements of the differential capacitance derives from the peculiar properties
of the semiconductor-electrolyte interface. In most semiconductors, any change in
the electrode potential appears across the space-charge (Vsc) and not on the
double-layer potential (V4), see Appendix. Variations of Eapp, during a Mott-Schottky
analysis are therefore directly translated into different barrier heights Vsc.
The build-up of a space charge layer in semiconductors contributes to the overall
capacitance with a term Csc that is additive to those of the electrical double-layer
(the Helmholtz double-layer, Cy) and the Gouy-Chapman layer in solution (Cg, that
has a negligible contribution). Their series combination is expressed by Eq. 1.7:
1 1 1 1
CTOT=E+E+C—G Eq.1.7

When Eappis varied only Vsc (and Csc) changes (Ce and Cy remain unaffected), then

M-S analysis is appropriate for a direct evaluation of the potential dependence of
Csc, that resemble the overall electrode capacity.

1.2.1.5. Mott-Schottky analysis: results

In Fig. 1.13, the C, values obtained from stepped potentiostatic electrochemical
impedance spectroscopy (SPEIS) are plotted according to the Mott-Schottky
equation (Eq. 1.6)"*”! for both Ox- and Tour-MWCNTs@Pd/TiO,. For comparison,
also the behavior of Pd/TiO; and a GC electrode are shown. In these measurements
the systems have been perturbed at the frequency of 1 kHz, previously determined
from classical EIS at OCP to be an optimal value at which the contribution of the
capacitive elements was higher.
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Figure 1.13: a) Mott-Schottky plots (Csc2 vs. E) for Pd/TiO, (green dots), the “standard” Ox-
MWCNT(20%wt.)@Pd/TiO, (black dots), OXx-MWCNT(15%wt.)@Pd/TiO, (the sample with a lower
amount of MWCNTSs, empty black dots) and the inert GC substrate (blue empty dots). The plots have
been obtained in Ar-saturated PB, pH= 7.4, at a fixed frequency of 1 kHz. Note the magnification for
the OX--MWCNTs@Pd/TiO, samples. b) Comparison of Ox-MWCNT@Pd/TiO; (black dots) and Tour-
MWCNT@Pd/TiO; (red dots). The GC substrate (blue dots) is also reported.

SPEIS investigations of the nanohybrids evidences remarkable changes in the
electronic structure of TiO; caused by its integration with MWCNTSs. Changes that
will in turn favorably contribute to the general better electrocatalytic properties of
these two nanostructures with respect to the Pd/TiO, core-shell system. An
increase of (i) the number of free electrons in the titania conduction band and (ii)
surface defect density are in fact highlighted by the analysis of the interfacial
capacity of MWCNTs@Pd/TiO, compared to pristine Pd/TiO; (Fig. 1.13a). From
analysis of the narrow E-dependent linear region (E ~0 V), a flat-band potential E
= ~-0.2 Vgye is obtained for all systems, in good agreement with reported values
for TiO, at neutral pH.*® By contrast, on passing from Pd/TiO; to
MWCNTs@Pd/TiO,, the apparent donor density Np, and hence the amount of free
electrons in the TiO, conduction band, is increased by ~600 times. In this potential
region both Ox- and Tour- MWCNTs@Pd/TiO, behave similarly, displaying the
same Ers and very comparable Np (Fig. 1.13b). A similar behavior ascribed to the
presence of MWCNTs has been observed in a ZnO-MWCNTs nanocomposite,*”!
where the integration of oxide nanowires with MWCNTSs resulted in a two-order of
magnitude increase of Np.

In light of the strong contribution coming from the MWCNTSs on Np, it has also been
studied the effect of different MWCNTSs loadings. For this purpose samples of Ox-
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MWCNTs(15%wt.)@Pd/TiO; have been prepared according to the above synthetic
procedure, and compared with “standard” Ox-MWCNT(20%wt.)@Pd/TiO; (Fig.
1.13a). It has been found that Np further depends also on the Ox-MWCNTs
concentration and increases by increasing the content of MWCNTSs in the structure
(Table 1.3). Again Egs is unaffected, but Np for (MWCNT15%) are reduced by half
the value of (MWCNT20%). The larger availability of free electrons at the TiO,/Pd
interface induced by the integration with MWCNTSs is expected to play a favorable
effect on the HER kinetics, especially at low overpotentials.

Finally, analysis of the M-S plots at higher potentials, where the capacity attains a
constant value, evidences the presence of extended surface states, whose density
is proportional to C.[*® and largely increases on passing from Pd/TiO, to Ox-
MWCNT@Pd/TiO, (Fig. 1.13a). Such defects on the surface of the titania shells
(oxygen vacancies and incompletely coordinated Ti atoms)®”! that would be mostly
localized at the interface with MWCNTSs, may provide efficient catalytic sites for the
adsorption and catalytic dissociation of water molecules, a fundamental step for
the promotion of HER in neutral and alkaline media. As a matter of fact, as the
kinetic studies of the electrocatalytic behavior show (Tafel slope analysis, see later),
water dissociation and adsorbed hydrogen formation would represent the rate
determining step of HER in the present conditions. It is interesting to note that in
the case of Tour-MWCNT@Pd/TiO, Csc does not attain a constant value (red dots
Fig. 1.13b) thus excluding the the presence of extended surface states. Recalling
the lower performances of this nanocomposite (Fig. 1.6a and 1.11a) it may be
inferred that surface states play a major role in promoting the electrocatalytic
activity. In spite of the fact that Tour functionalization brings a more uniform and
homogenous coverage of the MWCNTs, the generation of a lower amount of
surface states at the interface MWCNTs-TiO, would be detrimental towards the

catalytic activity.

N@-1.25  Qea® TOF®  Ems  Css/A"  Nox10%

Catalyst mAcm2(V)?  (uC)  (h?Y)  (Vewe) (Fem?) (cm?)e
Pd/TiO, -0.39 22 47 -0.22 200 1.1
Ox-MWCNT@Pd/TiO, -0.33 28 242 -0.23 8200 640
Ox-MWCNT(15%)@Pd/TiO, -0.35 25 86 -0.23 1200 330
Tour-MWCNT@Pd/TiO, -0.37 28 133 -0.27 - 670

Table 1.3: Characteristic properties of the various electrocatalysts obtained from LSV, TOF and SPEIS
analysis. a) overpotential for HER in Ar-saturated PB (pH = 7.4), measured at a current threshold of -
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1.25 mAcm2; b) Charge related to electroactive Pd as determined by CV in NaOH solutions. ¢) TOF
determined by extrapolation at 1 = 0 V. d) Surface states capacitance and e) donor densities obtained
from the Mott-Schottky plots.

1.2.2 Effects of a thermal treatment on the electrochemical properties of
MWCNT@Pd/TiO>.

As outlined at the beginning of this Chapter, the effects of a thermic treatment on
both Ox-MWCNT@Pd/TiO, and Tour-MWCNT®@Pd/TiO, have been addressed.
Once the powders have been synthetized, they underwent calcination in air at
ambient pressure. The samples were heated at a rate of 3°C/min from RT to 250°C,
where they are kept for 5 hours, and then allowed to cool down at the rate of
4.5°C/min. The electrochemical characterization revealed the huge effects that
such calcination procedure had on the electrocatalytic performance of the various
nanocomposites. In view of a rigorous comparison, the samples were tested under
the same conditions and following the same protocols used above on the pre-
calcination samples.

LSVs of calcinated and untreated electrocatalysts are compared in Fig. 1.14a. As
clearly seen, calcination strongly improves the electrocatalytic properties of the
films towards HER, evidenced by the positive shift of the overpotential to an
outstanding value of -0.20 V at 1.25 mAcm™ for both Ox-MWCNT@Pd/TiO; and
Tour-MWCNT@Pd/TiO; (vis-a-vis -0.39 V in the case of core-shell Pd/TiO,). It is
worth mentioning that under the above conditions, protons are reduced on
massive platinum electrodes at about -0.10 V and that, at this pH, about 50% of the
total overpotential is due to concentration overpotential.*? Notice that the above
TNeone CONtribution was determined under controlled convective mass transport
regime (RDE), while the present results were obtained under less favorable
conditions, i.e. stationary electrodes in unstirred solutions. As the almost identical
electrochemical response of Ox-MWCNTs@Pd/TiO, and Tour-MWCNTs@Pd/TiO,
suggest, it is likely that after calcination the two originally different materials merge
into a similar structure, likely via an effective removal of the organic functionalities,
which consequently increases the interactions between MWCNTSs and TiO,.

Also in the case of the calcinated materials it is very evident how much the presence
of MWCNTs fosters electrocatalytic HER. In Fig. 1.14b is shown a comparison
between the nanocomposites CALC-Ox-MWCNTs@Pd/TiO, and CALC-Pd/TiO..
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The current transients, measured during CA experiments in which the cathode
potential is stepped back and forth between 0 V and various negative values, are
highly stable and reproducible. The stable CA signal lasting more than 45 hours (Fig.
1.14c), demonstrates the substantial chemical and mechanical integrity of the
catalyst films under HER conditions, with a less than 15% decrease of cathodic HER
current. Notice that the calcinated samples display cathodic currents also at
potential positive of 0 Vrue (see Fig. 1.14d). These weak currents obviously are not
HER-related, and may be otherwise associated to the absorption of H (Haps) into the
Pd lattice.®>? This contribution however was taken into account (and excluded)
in the determination of the exchange current density (Jo, see later). This enhanced
hydrogen absorption is correlated to the higher Qpq values found in these case
(Table 1.4), meaning that calcination increases protons accessibility to the Pd NPs
in both CALC-Ox-MWCNT@Pd/TiO, and CALC-Tour-MWCNT@Pd/TiO,.
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Figure 1.14: Electrochemical characterization of the calcinated samples in Ar-saturated PB solution,
pH=7.4. a) LSV for all the various nanostructured catalyst, with highlighted the great improvement
obtained after calcination. The i/V curves of CALC-Ox-MWCNTs@Pd/TiO; (black solid line) and CALC-
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Tour- MWCNTs@Pd/TiO; (red solid line) result positively shifted by 200mV. b) CA of CALC-Pd/TiO,
(green line) and CALC-Ox- MWCNTs@Pd/TiO; (black line) at potentials of -0.06, -0.38 and -0.55V vs.
RHE. c) CA at Egue = -0.15V for over 45 h after the deposition of CALC-Tour-MWCNT@Pd/TiO,. The
inset shows optical images of the SPE electrode surface before and after extended electrolysis. d)
enlargement of panel a) in the region of low overpotentials with highlighted the current of hydrogen
absorption for CALC-Ox and CALC-Tour-MWCNT@Pd/TiO,.

A more quantitative evaluation of the catalytic behavior was then carried out by
determining the TOF following the approach described earlier (Fig. 1.11a). Such an
approach minimizes in fact possible overestimation of the catalytic properties
arising from the possible increase of catalytic sites and/or by a better accessibility
to the Pd NPs after calcination. As evidenced in Fig. 1.15a, the TONs and TOF, of
CALC-Ox-MWCNTs@Pd/TiO, by far exceed those of the untreated samples,
reaching TOF values in the order of 150.000 h™at n as low as 50 mV. The negligible
differences between CALC-Ox-MWCNTs@Pd/TiO; and CALC-Tour-
MWCNTs@Pd/TiO; already seen by LSV are also revealed by TOF analysis (not
shown). As hypothesized above, the thermal treatment induced changes in the
nanostructures morphology that brings about a generalized improved accessibility
of the catalytic Pd sites. Indeed, the respective integrated Qpq charges (i.e., the
electroactive Pd) increase, however the HER rate, as determined by TOF that is
normalized by accessible Pd sites, is considerably higher. These findings reveal the
key role played by the MWCNTSs-TiO; interface in driving the HER, its contribution
being even more important than the mere amount of active catalyst within the

nanostructure.
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Figure 1.15: a) TON as a function of overpotential for CALC-Ox-MWCNT@Pd/TiO, (black filled dots)
and the untreated samples (see legend of Fig. 1.11a). TOF values are obtained from TON/time. b)
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Mott-Schottky plots (Csc? vs. Espp) for CALC-OX-MWCNT@Pd/TiO, (black filled dots), Ox-
MWCNT@Pd/TiO, (black empty dots), CALC-Tour-MWCNT@Pd/TiO, (red filled dots) and Tour-
MWCNT@Pd/TiO; (red empty dots). The plots have been obtained in Ar-saturated PB, pH = 7.4, at a
fixed frequency of 1 kHz (previously chosen by EIS at OCP).

To further investigate the role of MWCNTSs and to look for possible effects on the
electronic properties of TiO,, M-S analysis was performed also in the case of the

calcinated samples (Figure 1.15b).

A common feature in the Mott-Schottky analysis of the calcinated samples is the
expected invariance of the flatband potentials (Table 1.4). By contrast, the
observed decrease of the slope of the linear region would suggest a sizeable
increase of donor density, in turn resulting in an increased electron availability at
the interface (and thus faster charge transfer kinetics). Furthermore, at higher
potentials the Mott-Schottky plot for CALC-Tour-MWCNT@Pd/TiO, did show a
remarkable region of constant capacitance that was not observed in the untreated
Tour-MWCNT@Pd/TiO, samples, and is attributed to the presence of extended
surface states. After calcination, both CALC-Tour-MWCNT@Pd/TiO, and CALC-Ox-
MWCNT@Pd/TiO, do show then very similar electrochemical properties and
electrocatalytic performance thus highlighting the decisive role played by the
MWCNTSs-TiO; interface in governing the catalytic activity.

o e T e e

Pd/TiO, -0.39 22 47 -0.22 200 1.1

Ox-MWCNT@Pd/TiO, -0.33 28 242 -0.23 8200 640

Tour-MWCNT@Pd/TiO; -0.37 28 133 -0.27 - 670
CALCINATION

Ox-MWCNT@Pd/TiO> -0.20 51 60000 -0.21 8000 990

Tour-MWCNT@Pd/TiO, -0.20 77 58000 -0.28 8600 1600

Table 1.4: Characteristic properties of the various electrocatalyst. a) overpotential for HER in PB (pH
= 7.4), measured at a current threshold of -1.25 mAcm-2; b) Charge related to electroactive Pd as
determined by CV in NaOH solutions. c) TOF determined by extrapolation at n =0 V. d) Surface states
capacitance and e) donor densities obtained from the Mott-Schottky plots.
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1.3. HER mechanism: Tafel analysis

The mechanism of HER classically comprises three possible step-reactions (Eq.
1.1a-c). Coupling of reaction (1.1a) with either (1.1b) or (1.1c) results in the so-
called Volmer-Heyrovsky or Volmer-Tafel routes. Elucidation of the prevailing
mechanism is usually based on the inspection of the slopes in a /Log(i) plot, known
as “Tafel plots”, that display characteristic values depending on the rate-
determining step (rds). Useful information can also be obtained from log(i)/pH
plots where changes in the reaction mechanism can be devised by different pH-
dependency (see Fig. 1.1). Unfortunately, if the Volmer step is the rds, it is
impossible to determine the complete mechanism, but simply recognize that Hags
formation is limiting HER. This is exactly the case for water reduction at neutral pH,
where a key step of HER is Hags formation via water dissociation (H20 + € = Hags +
OH") that gives a theoretical Tafel slope of 118 mV/dec.??

In Fig. 1.16 the Tafel plots are reported for all the nanostructured systems studied
in this work, calcinated and untreated Ox-MWCNT@Pd/TiO; (black squares) and
Tour-MWCNT@Pd/TiO; (red squares), as well as the model system Pd/TiO; (green
dots). The corresponding exchange current densities (Jo at n = 0 V) and the Tafel
slopes (derived by fitting) for the various systems are summarized in Table 1.5.
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Figure 1.16: Tafel plots for CALC-Ox-MWCNT@Pd/TiO, (black squares), CALC-Tour-
MWCNT@Pd/TiO, (red squares), Ox-MWCNT@Pd/TiO, (black empty squares), Tour-
MWCNT@Pd/TiO; (red empty squares) and Pd/TiO2 (green empty dots). Analysis of the Tafel slopes
is focused in the narrow potential region at which the various materials begin to display HER cathodic
currents.
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The observed Tafel slopes in the range 110-120 mV/dec are in good agreement
with literature values for HER on Pd electrodes, and, combined with the unitary
slope found in the log(i)/log[H*] plot, emphasize the role of the Volmer step as the
rds.** The latter plot has been obtained by titration of a water-free acetonitrile
solution with a proton donor (Fig. 1.17). As the proton source was used the triflate
salt of protonated dimethylformamide 1:1 mol/mol [DMFH]OTf/DMF, prepared
accordingly to a reported procedure.® As the CVs of Fig. 1.17 show, the reduction
of protons occurs at Ei» = -0.29 V vs. Ag/AgCl, with a shape that is typical of a
diffusion-controlled process. The inset of the same figure highlights the linear
relation between the intensity of the current and H* concentration.
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Figure 1.17: CVs for MWCNT@Pd/TiO2 drop-casted onto an ITO electrode in pure CHsCN (black line)
and after increasing additions of a specific proton source, namely 1:1 mol/mol [DMFH]OTf/DMF
(resulting [DMFH]* = 0.68, 1.36, 2.04, 2.72, 4.08 mM) in CH3CN/ 0.08 M TBAPF¢ Ar-saturated solution.
Inset: linear relationship between the peak cathodic current and [DMFH*] concentration. Scan rate =
0.05 Vs, The diameter of the electroactive surface (ITO) is 8 mm.

Given the identical Tafel slopes for all composites, it is likely that the Pd catalytic
active cores operate within the different nanostructures according to the same
mechanism. The arrangement of different morphologies at the nanometric scale
do not seem to affect significantly the mechanism, which is always dominated by
H.es formation. Indeed, dissociation of water and formation of reacting
intermediates limit the kinetics for all the studied electrocatalysts at the neutral pH
values of the present study. The Tafel slopes reported in literature for Pd-based
systems are usually obtained at basic pH (mostly KOH 0.1-1 M), however the same
slopes found in alkaline solutions and in this work would confirm the similarity of
the catalytic mechanisms in the two environments. Unfortunately, the lack of
experimental reports in neutral solutions makes the evaluation of the performance

62



of the present Pd-based electrocatalysts very difficult.”® However, the availability
of free protons in neutral and alkaline media is critical and in such a scenario the
synergic combination of the three building blocks in CALC-Ox-MWCNT@Pd/TiO,
and CALC-Tour-MWCNT@Pd/TiO, seems to be essential to drive HER at a good
rate.

For what concerns the exchange current densities, the observed Jo reflect
qualitatively the same trend found for the TOFo, with a two order of magnitude
increase on going from Pd/TiO; to CALC-Ox-MWCNT@Pd/TiO». The lack of studies
at neutral pH makes difficult to evaluate the catalysts performance also on the basis
of Jo values. However, a tentative discussion can be done setting side by side the
activity of the studied nanostructures with those of Pd-based catalysts, both in acid
and in basic solution. It is well known that HER activity in acid for any electrocatalyst
is orders of magnitude higher than in base. The reasons for that are still under
debate, but experimental data agree to this point.” Pd electrodes in HCl have Jy in
the order of 2*10* Acm, while in NaOH J, is reduced to 3*10°¢ Acm™2.58 Pd NPs
supported on Carbon has been found to have Jo in the order of 103 Acm in HCIO,4
0.1 M and Jo of 6*10° Acm? in KOH 0.1 M.[*# Since at neutral pH (from 5 to 9) HER
is usually more sluggish than at any other pH value,™ J, values in the order of 4-
7*10®found for the optimized samples are reasonably in line to the situation of an
inhibited HER. As mentioned in the previous section the contribution of H
absorption for the calcinated samples is excluded from J, determination and the
observed trend is not biased by that process.

-1.25 Tafel slope Jo

Catalyst n:],g:)m'z V) (mV/decF:,) (Acm?)

Pd/TiO, -0.39 111 9.1*107
Ox-MWCNT@Pd/TiO> -0.33 105 2.5*%10°
Tour-MWCNT@Pd/TiO, -0.37 110 1.0*10°

CALCINATION

CALC-Ox-MWCNT@Pd/TiO; -0.2 122 6.0*10°
CALC-Tour-MWCNT@Pd/TiO; -0.2 118 3.5%10°

Table 1.5: Typical figures of merits of electrocatalysis for the nanostructured systems studied in this
work. Tafel slope values have been derived by fitting of the respective Tafel plots in the low
overpotential regime (0 < 1 < 0.2), while (Jo) are obtained by extrapolation at E=0 Vgpe.
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1.4. Conclusion & Outlooks

In the challenging context of HER electrocatalysis at neutral pH, the general good
electrochemical activity of the «class of nanocomposites studied,
MWCNT@Pd/TiO,, is associated to the strong cooperation of the various
constituents, MWCNTs, Pd NPs and TiO,. One of the key advantage of
nanotechnology is the possibility to create structures in which the ensemble
possesses properties that go beyond those of each singular unit. This peculiarity is
evident in the class of nanocomposites here studied, where the various building
blocks clearly interact sinergically and the advantages of nanostructuring the
electrocatalysts is capitalized.

MWCNTs not only provide an optimal electrical conductivity and high specific
surface area, but it is here proved that they modify the electronic properties of the
TiO2 shell in which they are wrapped. Specifically, by comparison with the model
core-shell system Pd/TiO,, a higher donor density is found in the presence of
MW(CNTs, and their absolute value correlate with MWCNTs concentration in the
nanocomposites.

For what concerns TiO,, the metal oxide shell is designed to promote the
adsorption of water molecules and their dissociative adsorption at the boundaries
with the Pd clusters, where HER occur. At basic/neutral pH the low availability of
protons is a main drawback for HER and intermediates adsorption (Ha.¢s) following
water dissociation is thought to control the rate of the overall process. The results
here obtained (Tafel plot) confirm the importance of water dissociation and Hags
formation. The synergic effects of TiO, and Pd NPs translate in the very high
electrocatalytic activity of MWCNT@Pd/TiO.

From our studies it was also evidenced that the benefits deriving from cooperation
between metal nanoparticles and metal oxides are further increased for the strong
contribution coming from carbon nanotubes. Combination of EIS (Mott-Schottky
analysis) and classical electrochemical characterization, revealed that MWCNTSs
induce surface states defects in TiO, thus contributing to HER activity. The best
performing materials, CALC-Ox-MWCNT@Pd/TiO, and CALC-Tour-
MWCNT@Pd/TiO,, are obtained when the samples undergo a thermal treatment
(calcination). After calcination the highest TOF, and Jo values were achieved,
revealing the importance of the interface MWCNTs-TiO; that is the main feature

that govern the electrochemical activity of the nanostructures.
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To this end it will be very interesting to study if the combination of other carbon

nanostructures has the same beneficial effect on HER activity, possibly utilizing also

other combinations of oxides or metal nanoparticles.
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CHAPTER 2

Electrochemical CO; reduction

2.0. Introduction & motivation

The continuous growth of CO; emissions in the atmosphere is a major problem for
our planet, and the awareness to limit the accumulation of this greenhouse gas is
generally felt. An exciting strategy comes from the transformation of CO; into
energy-dense molecules, like low-weight hydrocarbons, possibly produced with the
aid of renewable energies. The electrochemical reduction of CO, has two-fold
utility: it reduces the build-up of CO; and allows to store electrical energy in the
form of free energy (i.e. chemical bonds of the formed products).

Non-noble metals play a major role in CO; electroreduction with copper being the
most active material,™” but its high activity is usually paired with a poor selectivity
towards a single/few product. This lack of selectivity is historically one of the main
drawbacks of electrochemical CO, conversion, with very few materials, mainly
metals, that are particularly selective and active at the same time.’?) Among the
various products that can be generated from CO, reduction, see section 1.4, of
growing interest is the production of formic acid. Formic acid can be utilized either
as fuel in Direct Formic Acid Fuel Cells,!* as chemical for further chemical synthesis
or as preservative in the textile and food industry, with the latter having the biggest
share in its total worldwide consumption.®! In the context of a hydrogen economy
outlined in the introduction, it is fundamental to develop easy and viable hydrogen
storage systems. In light of its high volumetric hydrogen density, low toxicity and
liquid nature, formic acid is a promising candidate also for this kind of application.®’
Formic acid is nowadays produced mainly by the combination of methanol and CO
with the aid of a strong base.[”? Another possibility comes from the homogeneous
hydrogenation of CO,, usually carried out in alkaline solutions with the aid of
transition metal catalysts to overcome thermodynamic and kinetic limitations or at
elevated pressure.®! There are also examples of CO, hydrogenation in acidic
solutions that has the advantage to avoid the base neutralization at the end of the
reaction to yield HCOOH.®% |n this context, the electro-reduction or electro-
hydrogenation of CO; in acidic media can be an appealing solution for formic acid
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synthesis. Eq. 2.1a-c describe CO; reduction to formic acid, via the formation of the
CO:3 (ads) adsorbate.

€O, = COz(aas) Eq. 2.1a
COZ(ads) te - COZ_(ads) Eq. 2.1b
CO3qasy + HA+e™ - HCO; + A” Eq. 2.1¢

This mechanism has been proposed for formic acid production on metal electrodes
and it holds as a general case with HA being a proton donor, whether H,0 or H30*,
and A" being the respective deprotonated species. Early studies in aqueous
solutions showed that p-block metals including Sn,™*Y! In*?! and Pb™*3! reduce CO; to
formic acid, or formate depending on the pH. However, a major drawback of these
materials is the absolute overpotential required, in general greater than 1 V. More
recently Kanan and coworkers have reported the selective production of formic
acid on Pd/C electrodes at potentials very close to the thermodynamic value for
[CO2/HCO, ). The ability of Pd to generate formate was known since the 90s,*>
18 hut again with the need of high overpotential that ended up in low Faradaic
Efficiencies. The poor selectivity was related to the competitive reaction of water
reduction following Pd-hydride formation. When these side-reactions are
minimized by the application of a very low overvoltage, formate are quantitatively
produced accordingly to an electro-hydrogenation mechanism. The authors,
indeed, ascribed the large discrepancy of Faradaic Efficiency to a different
mechanism that would lead from CO, to HCO". Unlike other metals, on Pd the
process would not involve a direct electron transfer to CO,, highly endoergonic (Eq.
2.1b), but would proceed via the electrochemically generated Pd-H species, a more
easy-to-form intermediate. The entire process (Fig. 2.1) requires much less driving
force to happen, and would explain the almost quantitative formate production at
low applied voltages.

HA A
e Coz +e-
P— ~H ~HCO, ——— HCO;"
e
/\ rds
HA A

Figure 2.1: Proposed electro-hydrogenation mechanism for CO,RR on Pd NPs at very low
overpotentials. The reductive adsorption of hydrogen atoms on Pd is the first step for formate
synthesis, which then occurs via hydrogenation of CO, (rds). Adapted from ref. [14].
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The particularity of the reaction that leads to formate was also observed by Koper
and coworkers on copper electrodes.™ They found that the production of formate
peaks in a potential region where other CO; reduction products like ethylene and
methane are absent; vice versa, when the latter are present formate is not. The
authors correlate this fact to the presence of a distinct reaction pathway for
formate production. The formation of a CO intermediate, which is known to be the
precursor for making methane and ethylene,!?%?! occurs but it is likely to happen
at more negative potentials. These observations suggest that the process for
formate/formic acid can be very selective if the parallel and competitive hydrogen
evolution reaction could be suppressed.

Starting from this general picture and knowing the potential role of formic acid in
the future of FCs, it is here highlighted a possible approach towards the selective
electrochemical reduction of CO; to formic acid by the rational design of a
nanostructured material. If, in the previous examples, electrocatalysis was played
by metal electrodes, in the following section carbon-based nanocomposite
materials, MWCNT@CeO, and MWCNT@Pd/CeO; will be the main actors. They
consist of functionalized multiwall carbon nanotubes, MWCNT, mutually
integrated with cerium oxide, CeO,, with/without Pd nanoparticles into a single
nanostructure. Their electrochemical characterization, together with their activity
towards CO; reduction, are herein reported.

2.1 Nanostructures for CO; reduction

The nanocomposites MWCNT@CeO, and MWCNT@Pd/CeO, have been
synthetized at the University of Trieste by collaborators in the network of the
PRIN/FIRB “Nanosolar” project.’??! The CNG group of Prof. Maurizio Prato and the
MEE group of Prof. Paolo Fornasiero performed the synthesis of the
nanostructures, as was the case for the electrocatalysts presented in Chapter 1.

The architecture of these nanocomposites is analogous to the systems described in
the previous Chapter, where a backbone of functionalized multiwall carbon
nanotubes (f-MWCNTs) was embedded inside a mesoporous layer of TiO,. Since
the synthetic strategy is rather flexible and allows to some extent to change the
nature of the oxide material. In the case of CO,RR of major interest is the
application of a uniform CeO; shell around the MWCNTSs. The motivation for the
choice of CeO;is two-fold: cerium oxide has been shown to adsorb CO; stably on

75



different crystal facets?®*?*! and furthermore it has the ability to form hydrides
species.!” In the context of electrochemical CO,RR to formate/formic acid, where
the presence of hydride species is deemed fundamental in driving the reaction at
low overpotentials, the use of CeO; is therefore highly promising.

2.1.1 Synthesis of the nanostructures

As building blocks for the synthesis of MWCNT@CeO, and MWCNT@Pd/CeO,,
oxidized MWCNTs (MWCNT-ox), functionalized Pd NPs (with 11-
mercaptoundecanoic acid) and cerium alkoxide, in a combination of ex-situ and in
situ methods were used. The resulting hierarchical nanocomposites are formed of
onion-type core-shell Pd@CeO, particles supported on conducting MWCNTs
(Scheme 2.1).122

MWCNT@CeO,
MWCNT@Pd/CeO,

@ Fd
Pd/Ce0, l
@
hydrolysis
)

MWCNT-ox

Scheme 2.1: Schematic representation of MWCNT@CeO; and MWCNT@Pd/CeO; synthesis. Adapted
from ref. [22]

The synthetic strategy for the preparation of the nanocomposites is analogous to
what reported in Chapter 1, but in this case, Pd NPs and MWCNTs-ox bind to cerium
alkoxide. More in detail, first the Pd/Ce0O, building block is prepared by reacting the
Pd NPs particles with cerium alkoxide. This assembly is then connected to the
MWCNTs by reaction of the carboxyl groups of the MWCNTs with the alkoxide
linkages that are available on Pd/CeO, particles. The MWCNTs induce
crystallization of the oxide layer at room temperature, and after hydrolysis of the
remaining alkoxide groups uniform composites are obtained (see Ref. [22] for
further details).

As it can be seen in Fig. 2.2, HR-TEM and EELS images of the samples reveal the
uniform and regular formation of a mesoporous CeO; shell around the carbon
nanotubes. The thickness of the oxide shell is in the order of 10 nm and, as

mentioned in section 1.1, it can be tuned by varying the content of MWCNTs-ox
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and the alcoxide precursors. However, in this study the amount of MWCNTs-ox in
the reagent mixture for both MWCNT@CeO, and MWCNT@Pd/CeO, was kept
constant to the value of 15% by weight.

Figure 2.2: HR-TEM images for MWCNTs@CeO.. a) representative image of a selected area showing
partially exposed MWCNTSs. b) The EELS mapping of C and Ce atoms confirms the uniform coverage
of the MWCNTSs with a shell of CeO,. ¢) HR-TEM of a uniformly covered sample where it is evident the
MWCNTs-backbone, as well as the nanocrystalline nature of the oxide shell. Adapted in part from ref.
[22].

2.1.2. MWCNTs

As already pointed out in section 1.1.1, the electronic properties of MWCNTSs have
been shown to be extremely beneficial for catalytic applications. MWCNTs have
high specific surface areas and a very high conductivity for charge transport. These
features are very compelling, especially for the field of electrocatalysis in which a
good mobility of free charge is essential.?¢!

In this study it is taken advantage of the peculiar electron mobility of MWCNTSs to
create a nanometric texture where charges can percolate, being accessible for
electron transfer reactions. As it is shown, MWCNTSs has the fundamental role to
increase the electrons availability at the surface of CeO,. In MWCNT@CeO; and
MWCNT@Pd/CeO; the nanometric-thick CeO, shell is thin enough to allow
efficient charge transport to the surface, otherwise limited in thicker and more
insulating films.

2.1.3. CeO;

Cerium oxide, ceria, is the fully oxidized, stoichiometric, oxide of cerium, the
second lanthanide metal. At ambient pressure and from room temperature to 2500
°C (m.p.) fully oxidized CeO, adopts the ideal cubic fluorite crystal structure. A
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remarkable feature of this oxide is the ability to maintain the same crystallographic
structure (or phase) even when a very high concentration of lattice defects (oxygen
vacancy) is present.!?”? Indeed, under reducing conditions portion of the Ce** atoms
convert to the 3+ oxidation state, and the charge of the resulting electrons is
balanced by oxygen vacancies. Furthermore, these oxygen vacancies have a very
high mobility that combined with a moderate electron mobility, especially at high
temperature, make ceria a suitable material for catalytic and electro-catalytic
applications.?® For these reason ceria is often used as a support for oxidative
catalysis, like the oxidation of CO in automotive exhaust catalysts and in the water—
gas shift reaction.?”

For its peculiar mixed ionic and electronic conductivity, CeO; is also commonly
studied as electrolyte in SOFCs®%3! and has emerged as an attractive redox active
material for two-step thermochemical cycling, displaying rapid kinetics that mainly
arise from the presence of mixed-valence oxidation states.!*?

In the context of electrochemical CO; reduction, it is here investigated the role of
CeO, as a valid platform for the simultaneous CO, adsorption and hydride
formation. Several recent works have reported about the interaction of CO; on
ceria surfaces,!?>?4 partially motivating this study. The adsorption of CO; generates
adsorbed carbonaceous species that have been identified both experimentally and
theoretically. In general, the adsorption energy mainly depends on the crystal facet
of the oxide and it was found to be higher in the case of reduced ceria, CeO,.,"**
species that is likely to be generated at the electrodes during CO;, reduction.

2.1.4.Pd

The flexibility of the synthetic protocol allows to easily build nanostructures where
the metal Pd nanoparticles are present or not. Thanks to the possibility to generate
ex-situ the various constituents, simply by preparing the Pd/CeO; or its metal-free
analogous Ce0,, it is possible to synthetize MWCNT@CeO, or MWCNT@Pd/CeO,.
Either ways do not affect the total coverage of the MWCNTSs, nor the crystallinity
of Ce0,, whose mesoporosity makes the Pd nanoparticles accessible. With such
integrated architectures it is possible to unravel the effect of Pd nanoparticles on
the electrochemically driven CO; reduction. As previously outlined, the generation
of Pd-hydrides favors formate production at low overpotential on carbon
supported Pd NPs.[** The same concept is applied in this study, where smaller Pd
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NPs are embedded in a complex nanocomposite. The overall effect on the catalytic
activity stems from their combination together with MWCNTSs and the rich surface
chemistry of CeO..

2.2. MWCNT@CeO:: Electrochemical characterization and CO; reduction.

To study the electrochemical properties of both MWCNT@CeO, and
MWCNT@Pd/CeO,; (the latter reported in the next paragraph) the following
procedure was adopted in order to prepare the electrodes. Thin compact films of
MWCNT@CeO; are prepared by drop casting 100 pul of the respective methanol
suspension (1.6 mg powder : 1 ml CH3OH) on bare GC disc electrodes (@ = 3 mm).
The suspensions are stirred for at least 48 hours before deposition, drop-cast in ten
aliquots and then allowed to dry for 24 hours to remove any possible residual
solvent. The amount of MWCNT@CeO, deposited on the GC electrode surface is
estimated to be 40 pg, with a contribution of CeO, of 34 ng. Before each drop-cast
the GC electrodes have been meticulously polished with an alumina paste of
subsequent finer grain size: 1 um, 0.3 um and 0.05 um. During the cleaning
procedure the electrodes are rinsed with doubly distilled water, sonicated with a
bath sonicator and rinsed again with water and acetone.

The electrochemical characterization of the so-prepared nanostructured films has
been performed in a custom made three electrodes electrochemical cell specifically
designed for the aim of this work (see Appendix for a detailed project and
description of the cell). The electrochemical characterization has been done in
different aqueous electrolytes, namely PB 0.1 M, Bicarbonate Buffer 0.5 M and an
acid HNOs solution 0.1 M. Depending on the scope of the experiments, Ar or CO;
have been bubbled into the solutions for at least 25 minutes before doing any
characterization.

Each measurement has been done with a Ag/AgCl 3M reference electrode, whose
potential have been validated before and after each set of experiments with a
Standard Calomel Electrode (Esce= +0.246 vs. NHE) in use for this specific purpose.
Depending on the measurements, potentials are reported versus Ag/AgCl 3M, or in
he RHE scale (Erue= Enne- 0.059%pH) scale. All J values are calculated on a geometric
area basis. The contribution of the real electroactive surface is taken into account
in the calculation of the TOF (see later for a comprehensive description). Unless
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otherwise specified, all chemicals have been used as received, without any further
purification step.

2.2.1 Electrochemical characterization in Phosphate Buffer

The activity of MWCNT@CeO; towards electrochemical CO; reduction in PB 0.1 M
is shown in Fig. 2.3, where representative CVs of a CO,-saturated solution are
reported. Despite the large cathodic current observed during the first scans, the
voltammetric response decreases with potential cycling, and after 20 cycles almost
no faradaic current is present anymore. This sort of deactivation of the electrode
surface is a systematic feature, seen throughout a series of different samples
prepared from different batch suspensions, hence has to deal with an effect of the
electrolytic solution.

0- —
E\II
5 -1
*
<
£ ol
=
-34

-0l.8 -0'.4 6 0i4 0:8
E-IR/V

Figure 2.3: Electrochemical activity of MWCNT@CeO, for CO; reduction. 1%t (red line) and 20t (black
line) CV scans of MWCNT@CeO,in PB 0.1 M, scan rate 50mV/s. Potentials are reported vs. RHE and
are corrected for the uncompensated resistance Rs (Rs determined by EIS).

In a comprehensive paper, Cummings et al®* reported about the rich
electrochemical activity of nanoparticulate CeO; films in PB. The authors correlate
the peculiar electrochemical behavior of CeO, to several chemical reactions that
occur at the electrode surface (Eq. 2.2, 2.3).

Zceaz(surface) +2e” +2H" - 69203(surface) + H,0 Eq. 2.2
C63 (P04)4(surface) +3e” +3H" = 3C€P04(surface) + H3PO4 Eq. 2.3

When Ce* is reduced to Ce3** (Eq. 2.2) in the presence of phosphate, a slow
chemical equilibrium that lead to CePO, formation takes place (Eq. 2.3). Reduction
of Ce** to Ce® (E < +0.3 Vrue)®™ can be easily obtained under conditions of cathodic
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polarization (i.e. the same of electrochemical CO; reduction) and the slow build-up
of a CePOq, layer finally lead to electrode passivation. The formation of this surface
equilibrium involving phosphate anions is however a major drawback with respect
to the electrochemical CO, conversion in this particular electrolyte. Both Ce**/3*
reduction and CO; reduction occur in the scanned potential window, but after
complete formation of surface CePO, also CO; reduction is suppressed.

The occurrence of the processes described by Eg. 2.3 can be monitored and
qguantified by CV through the detection of the redox peak (Eq. 2.3) with E;2=+0.5
V vs. AgCl®®*¥ (process “A” in Fig. 2.4a) and evaluation of the corresponding charge.

a) b)
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Figure 2.4: a) CVs in Phosphate Buffer of MWCNT@CeO,. The scans n° 1-4-7-10-13 and 16 are plotted.
b) Plot of the 16t cycle, with highlighted the integrated charge attributed to the process of Eq. 2.3.
Potentials are reported vs. Ag/AgCl 3M. Scan rate = 50 mV/s, PB 0.1 M, pH = 6.8.

Therefore, while the formation of such species leads to surface passivation (Fig.
2.3) and is detrimental vis-a-vis the electrocatalysis of CO, reduction, the
guantification of process A in Fig. 2.4a allows to estimate the amount of
electrochemically active cerium oxide, a piece of information needed for the
turnover frequency (TOF) determination (see section 2.2.2.1). The integration of
the corresponding voltammetric peaks (Fig. 2.4b) resulted to a charge of 43 uC,
indicating that ~20% of the total amount of CeO, deposited on the GC electrode
can be reduced/oxidized electrochemically.

2.2.1.1 Comparison with nanocrystalline CeO2

A striking difference can be observed when comparing the CVs in PB for
MWCNT@CeO, and nanocrystalline CeO; (Fig. 2.5a). Films of nanocrystalline CeO,
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are prepared with the same procedure as for MWCNT@CeO,, adjusting the
amount of the drop-cast in a way that the same nominal coverage of cerium oxide
is present on the electrode. In this way is possible to directly compare the
electrochemical behavior of MWCNT@CeO; and CeO,. Comparison of the CVs (Fig.
2.5a) shows how the redox process “A” at Ei» = +0.5 V vs. Ag/AgCl cannot be
observed in CeO; films, Moreover, the overall capacitive current is much lower in
the latter case (see also Fig. 2.5b). The suppression of any faradaic current is
somehow surprising but reveals the fundamental role played by MWCNTSs in
promoting the charge transfer from the underlying glassy carbon electrode,
through the nanocomposite film, to the surface of CeO, where electrons are
available for electron transfer reactions.
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Figure 2.5: a) comparison between the CVs for MWCNT@CeO, (black curve), CeO; (green curve) in a
potential region where Ce*/3* reduction and the following slow chemical conversion to CePO4 occur.
Scan rate =50 mV/s, PB 0.1 M, pH = 6.8. b) Capacitive currents for MWCNT@CeO; (black dots), CeO>
(green dots) and a bare GC electrode (blue dots) in Ar-sat. solutions. Potentials are reported vs.
Ag/AgCl 3M.

Thick films of nanocrystalline CeO; are therefore unable to sustain redox processes
at the surface, while in the case of MWCNT@CeO; the oxide shell around MWCNTSs
is thin enough to enable electron transfer. Up to now it is not completely clear the
reason for this remarkable behavior, whether the induction of electronic defects in
the oxide shell (as observed in the case of MWCNT@Pd/TiO, in Chapter 1), an
increased efficiency of electron tunneling, or other possible explanations.

The huge decrease of electrical capacity (C) observed in the CVs of CeO; films with
respect to MWCNT@CeO; was attributed mainly to the higher specific surface area
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of the latter. A more detailed analysis of the capacitive behavior for the two
systems is given in Fig. 2.5b, where the capacitive currents (Ai) are evaluated as a
function of the scan rate (v). The capacitive contributions Ai have been determined
by CV at OCP from the difference of the anodic and cathodic currents registered
when the potential was scanned positive (+30 mV) or negative (-30 mV) of the OCP.
By scanning the potential at various scan rates in a region where only capacitive
currents are present (i.e. no faradaic reactions occur) it is possible to determine the
electrode capacity via the evaluation of the Ai/v slope, that resulted to be 1.6
mF/cm? and 9 uF/cm? for MWCNT@CeO; and CeO; respectively. As can be seen in
Fig. 2.5b, the capacity of CeO; is even lower than that of a bare GC electrode (32
uF/cm?). This general behavior for CeO; is then not only related to a reduction of
the electroactive area, but also reflects changes in the electronic properties of the
oxide film. It is well known that layers of insulators (e.g. oxide, self-assembly
monolayer, etc.) on top of metallic electrodes reduce the capacitive current.*® It is
likely that with thick films of un-doped nanocrystalline CeO; the insulating behavior
prevails and the surface capacitance is reduced by an increased distance between
the regions of excess charge (C4; = %, accordingly to the Helmholtz model of the

electrical double layer).
Again, the essential role of MWCNTSs to provide a good electrical conductivity and
accessibility of CeO; in the nanostructure is demonstrated.

2.2.2 Electrochemical characterization in Nitric Acid

Due to the detrimental absorption of phosphate anions at the surface of partially
reduced CeO, that inhibits CO, reduction, a different electrolyte with a much
lower interaction with Ce3* lattice sites is preferred. Nitrates are more innocent
toward complexation with Ce*, and for this reason aqueous solutions of HNOs3 0.1
M have been chosen to characterize the activity of MWCNT@CeO; for CO;
reduction.

The absorption and interaction of CO, on MWCNT@CeO; in HNO; 0.1 M was
investigated by electrochemical impedance spectroscopy (EIS) and by CV, following
the different behavior of the surface capacitance in the presence or absence of
dissolved CO; in solution. With CV, the method previously described was applied,
based on the evaluation of capacitive currents at various scan rates. In Fig. 2.6a are
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reported representative CVs for MWCNT@CeO, from which the capacitive currents
at different scan rate have been derived and plotted in Fig. 2.6¢ to estimate the
total capacitance. A clear higher double-layer capacitance is present when the
electrolyte is saturated with CO, (4.1 mF/cm?) rather than with argon (2.4 mF/cm?).
Analogously, significant changes in the EIS spectra upon saturation with CO, were
present. From the Bode plot of Fig. 2.6d it is possible to observe two different time
constants in the absence of dissolved CO,, that merge in a single one when CO;is
present. It is also possible to notice that the solution resistance (Log|Z| values at
high frequencies) under CO; saturation increases by almost 50 Ohm (78 Q vs. 123
Q). This effect is probably caused by the surface absorption of CO, molecules that
increases the electrode’s resistivity.

a) b)
’ ' Tscan rate ’ 40+

I
o

Tscan rate

Current / pA
ro )
. 2.2

\\\\\\

Current / uA

8 o8
\\\\\

-40-
T T T
0 0.05 0.1
E/V
c)
60 <
g /’ (@)]
4 O
= . ©
:?’ 40 7 ~
T & v o
~ 7’ -
1 20 ’l I/’ .‘:U
'5 ] /‘,,’. o
4+
0

M 1 M 1 M I ' ]
0 50 100 150 200
Scan rate / mV*s™ Log (freq / Hz)
Figure 2.6: representative CVs of MWCNT@CeO; in a) CO,-sat. and b) Ar-sat. HNO3 0.1 M solution.
The CVs were recorded in the potential range +/- 50 mV vs. OCP (Eocp = +0.05 V AgCl) at a scan rate
of 20, 50 100, 150 and 200 mV/s. Potentials are reported vs. Ag/AgCl. c) Capacitive currents as a
function of the scan rate, calculated as Ai = (i, — ic) and derived from CVs in a) and b). CO; (red) or
argon (black) saturated solution. d) EIS spectra (Bode plot) for MWCNT@CeO; at OCP in CO; (red) or

Ar (black) saturated solution. Dashed lines refer to variations in the phase angle, while changes in the
real component of impedance are displayed by continue lines. Electrolyte: HNO3 0.1 M.
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Importantly, a quite different behavior is observed when cerium oxide is not
supported on MWCNTSs. As in the case of PB solutions, films of nanocrystalline CeO;
(again with the same nominal coverage of MWCNT@CeO;) show much lower
capacitance, which, additionally, is almost insensitive on the presence of CO; (Fig.
2.7a and 2.7b). Moreover, also in PB electrolyte the capacitance of CeO; is lower
than that of a corresponding bare GC electrode. As previously outlined, such
behavior is attributed to a decrease in the electrochemically accessible CeO,
surface, associated with a much higher resistivity of the CeO, nanocrystals in the
absence of MWCNTs.
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Figure 2.7: a) capacitive currents for MWCNT@CeO; (red), CeO, (green) and a bare GC electrode
(blue) in CO2-sat. solutions. Note the magnification for GC and CeO; plots (30x for both). b) capacitive
currents for CeO; in CO,- (empty diamonds) and Ar- (filled diamonds) saturated HNOs solutions.
Electrolyte: HNO3 0.1 M.

To study the activity of MWCNT@CeO, toward CO; reduction LSV and CA
experiments have been performed. LSV for MWCNT@CeO,, the model system
Ce0;and a bare GC electrode in a CO; saturated solution are displayed in Fig. 2.8a.
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Figure 2.8: a) LSV for the nanostructured catalyst MWCNT@CeO, (red line) the bare GC electrode
(blue line) and CeO; (green line) in a CO,-saturated solution. Scan rate 2 mV/s. Potentials are reported
vs. E' [CO/HCO,H] = -0.2 Ve Electrolyte: HNOs 0.1 M b) CA for MWCNT@CeO, at different
overpotentials. From orange to black, n =-0.02 V, -0.12 V, -0.22 V, -0.32 V. Integration of these CA
curves gives the charge of CO;RR then used for the F.E. determination.

MWCNT@CeO; displays much higher cathodic currents than both CeO, and GC,
with the difference being already notable at | as low as 150 mV. By contrast, the
nanocrystalline oxide CeO, does not shows any significant faradaic current in the
entire potential range. Notice that in the plots of Fig. 2.8a (and following) the
overpotential is reported with respect to the standard potential for the reduction
of CO; to formate/formic acid, i.e., N = Eapp— E’ [CO2/HCO,H] (with E’ [CO,/HCO,H]
=-0.2 Vrue).™ Importantly, the current associated to CO, reduction remains stable
over repetitive cycling (up to 25 cycles), meaning that surface passivation by
complexation of Ce3* does not occur in this acidic electrolyte. The two distinct
slopes of the polarization curve for MWCNT@CeO, may reflect the occurrence of
different processes (inset of Fig. 2.8a). At more negative potentials HER is the
predominant process. As explained in the previous section, the reduction of cerium
oxide to its partially reduced form CeO.. is easily obtained (E £ 0.3 Vgye) and it is
thought to be involved in the mechanism of CO, reduction. The cathodic current at
low overpotentials is then likely to arise from multiple concomitant processes that
involve electron transfer to the oxide and to CO,. Recent DFT calculations have
shown that the binding energy of CO, adsorption on Ce®* sites is much higher than
on stoichiometric CeO, (Ce* sites only).?>?¥  This is notably, since Ce*"/Ce3*
reduction takes necessarily place at the applied potentials and it is therefore
possible the occurrence of a virtuous cycle where the in-operando generation of
the non-stoichiometric oxide (richer in Ce* atoms) can actively promote CO;
conversion.

To confirm these hypotheses and especially the actual production of
formate/formic acid, analysis of the reaction products has been performed and the
results are reported in the following section. To generate detectable amount of
products and to address the long-term stability of the nanocomposite, potential-
controlled electrolysis of 1 hour were performed in a three electrode cell
specifically designed for this work, as described in the Appendix. In such cell, the
counter electrode was separated from the bulk solution by a porous frit so as to
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avoid degradation of the generated products. In Fig. 2.8b CA experiments at various
applied potentials are shown.

The production of formic acid by CO, reduction is confirmed by ionic
chromatography analysis of the liquid phase after potentiostatic electrolysis (see
Appendix for details). After each electrolysis, small amounts of the solution (2 ml)
were extracted from the electrochemical cell and immediately analyzed.

Analysis #1 / a.u. Analysis #2 / a.u.
#1(n=-0.02V) 3.041 3.085
#2(n=-0.12V) 2.872 2.891
#3(n=-0.22V) 2.137 2.133
#4(n=-0.32V) 0.335 0.258

Table 2.1: formic acid detection by I.C. after potentiostatic electrolysis for MWCNT@CeO,. The mean
value of two subsequent analyses, converted to concentration of formic acid, has been used for the
calculation of faradaic efficiency and turnover frequency (see later). 77 are referred to the relevant
thermodynamic potential E' [CO,/HCO,H].

Product analysis revealed increasing amounts of formic acid as E,pp is made less and
less negative thus approaching the thermodynamic value. This is noteworthy since
it confirms what reported by Kanan and coworkers!** who could detect the highest
amounts of formate (almost quantitative production) on Pd NPs at very low
overpotentials. The hypothesis is that the mechanism that lead to formate
synthesis is somehow similar to what suggested by Kanan. In that paper the
formation of hydride species is thought to be a key step in CO, electro-
hydrogenation; also in this case the same situation may hold, with cerium dioxide
as the source of hydrides. Cerium hydride is a very reducing species, usually
obtained at high temperatures under H; pressure. Its possible formation under the
conditions of the experiments reported above could mediate CO; reduction via an
electro-hydrogenation mechanism. The very high Tafel slope (i.e., slow kinetics) in
this potential region may be an indication of the rather slow formation of Ce-
hydride (which involves hydrogen absorption).

On the basis of our results, MWCNT@CeO, would then behave similarly to the
enzyme formate dehydrogenase,’®” since it would be able to drive the conversion
of CO, to formic acid very close to the thermodynamic threshold.
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2.2.2.1 Determination of Faradaic Efficiency and Turnover Frequency for
formic acid production.

The determination of F.E. for formic acid production is obtained by comparing the
amount of detected product with the charges exchanged by the nanocomposite
electrode MWCNT@CeO, during electrolysis (Eq. 2.4). The F.E. at overpotential n
is thus defined as follows:

X *F*xm
(F.E.), (%) = —2220n Eq. 2.4
Qtotn

where Xyco,n,n are the moles of formic acid produced as determined by I.C., Fis
the Faraday constant, m the number of electron needed to produce one molecule
of formic acid and Qtn the total amount of charge integrated from the CA
experiments. Representative CA for MWCNT@CeO, whose integration gives Qotn
are reported in Fig. 2.8b. The obtained values are plotted in Fig. 2.9a. The
calculated F.E. for formic acid production reaches values as high as 55 % at
overpotentials as low as -0.02 V. It is worth mentioning that the calculated F.E.
cannot ever reach 100% due to the contribution from Ce*/Ce* reduction to the
overall cathodic charge Qiornrecorded from CA. Higher F.E. values may be foreseen
on longer time scales and/or by maximizing the contribution of electroactive CeO,
via an appropriate improvement of the surface morphology. The drastic drop of
F.E. for formic acid synthesis at more negative potential occurs for the concomitant
increasing contribution of HER, a kinetically favored process especially in acidic
solutions.

The TON (moles of product per moles of catalyst) and TOF (TON/time) are usually
considered as figures of merit for catalytic systems and a way to describe the ability
of a catalyst to speed up the process. A possible approach to estimate the TOF of
the heterogeneous catalyst MWCNT@CeO;for formic acid synthesis is to relate the
“moles of product” to the charge exchanged during electrolysis, and the “moles of
catalyst” to the amount of electroactive material, rather than to the total amount
of catalyst present. All the charges are of course weighted for the F.E. for formic
acid production. Doing this, it is possible to normalize the activity on an
electroactive area basis, obtaining an intrinsic descriptor of the electrocatalytic
activity. TOF is then a more accurate way for comparisons than other approaches,
very common in the electrochemical community, based on geometric current
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densities. It is indeed a valuable tool to compare materials with very different
surface areas and with catalytic sites of different nature. Eq. 2.5a and 2.5b give a
better idea of this approach, that also enable to relate the TON/TOF to the applied
overpotential.

Qnrza(€)
TON, = """, (F.E. Eq. 2.5a
"= Qeeo, €~ En :
TOE,(h™1) = TONy Eqg. 2.5b
n ~ time (h) 4=

where Qflgzd is the charge integrated from CA experiments at the potential n, Q¢.o,
is the normalization factor for the amount of electroactive MWCNT@CeO, as
determined by CV, time is the length of each electrolysis (usually one hour long)
and (F.E.), is the faradaic efficiency for formic acid production at each potential
n. The obtained TOF, values (Fig. 2.9b) reflect the opposite trends of F.E., that

increases, and integrated charges, that decreases, when E,pp is made more positive.
co,
nre

formic acid production rather than to HER as in the high overpotential region. These

At low n the charge Q, 2, is the lowest, but it is predominantly associated to

opposite trends result in TOF values around 100-200 h! in the entire potential

window.
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Figure 2.9: a) Faradaic Efficiency of MWCNT@CeO; for formic acid production as a function of the
overpotential (n) where 1 = Espp- E' [CO2/HCO,H]. E’ [CO2/HCO,H] = -0.2 Vgye. b) Turnover Frequency
for HCO,H production calculated as in Eq. 2.5b at different overpotentials 1.

The observed decrease in F.E. for HCO,H production at high overpotential (Fig.
2.9a) is also evidenced by the change of the slope in a Tafel plot (Fig. 2.10 and inset
of Fig. 2.8a). Currents data in Fig. 2.10 are derived both from LSV (red solid line) or
from steady-state CA measurements (red diamonds). In the potential region close
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to the thermodynamic value E’ [CO,/HCO:H], both methods are consistent and give
the same slope. As the potential is made more cathodic, the change of the slope
reflects a transition between a kinetic limited region with slope of 480 mV/dec,
where the production of formic acid is higher, to one with more facile kinetics,
slope of 120 mV/dec, associated to a predominant HER. In the “low overpotential”
region, the occurrence of multiple coupled simultaneous processes that cooperate
together toward CO; reduction (i.e. adsorption of CO,/H* on CeO, and Ce*/Ce*
reduction) limits the kinetics, but is responsible of the highest production of formic
acid. This results in a higher Tafel slope, that may also result from the non-optimal
distribution of active sites onto the catalyst surface, associated to the presence of
different redox states of CeO, and to multiple surface redox couples/functional
groups.®¥ In the “high overpotential” region hydrogen evolution becomes the
dominant process: the corresponding Tafel slope of 120 mV/dec, suggests several
possible rate-limiting steps with kinetics limited by a slow Volmer adsorption step
(H* + @ — Haas), plausible with the competition between H.gs and COyaas) for the
same sites on the oxide surface.
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Figure 2.10: Tafel plot for MWCNT@CeO; extracted from the LSV data of Fig. 2b (red solid line), scan

rate = 2 mV/s. Red diamonds refers to current data obtained from CA experiments. Electrolyte: HNO3
0.1 M. 1 = Eapp-E’ [CO2/HCO,H], where E’ [CO2/HCOH] = -0.2 Vgpe.

As pointed out previously the F.E. obtained with the proposed approach would

4+/3+

never reach a value of 100 %, due to the initial contribution of Ce reduction to

CO,
n,red:

scale of electrolysis, or to subtract the charge related to Ce

the overall charge, Q One possibility to limit this artifact is to increase the time

#3*reduction. The latter
is not a straightforward approach, because it is not clear at this time if Ce3*, besides

enhancing the local CO, concentration, plays also an active role in the catalytic

90



cycle. If Ce* would donate electrons to absorbed CO,, it would also become
available again for further reduction, generating a positive feedback of charge that
at the end reduce the F.E. Further investigations are thus needed to clarify the role
of Ce®* and to determine the precise contribution of CeO; reduction to the overall
charge, and then to accurately determine the F.E. Higher faradaic efficiencies may
also be obtained reducing surface inhomogeneity and maximizing the activity of
CeO,to absorb and convert CO,.

2.2.3 Electrochemical characterization in Bicarbonate buffer

The ability of MWCNT@CeO- to generate formic acid has also been studied at near-
neutral pH in bicarbonate buffer solutions. This also allowed to correlate the
efficiency of CO, conversion to formic acid with the availability of protons in
solution and the possible involvement of hydrides formed in the ceria layer.
In light of the passivation of MWCNT@CeO: in PB, bicarbonate buffer was chosen
to study the electrochemical CO; reduction at neutral pH. When CO; is purged in
solution in the presence of an alkaline electrolyte, or simply a bicarbonate salt, the
formation of a bicarbonate buffer occurs. This buffer has the peculiarity to act as a
reservoir for aqueous CO,, even in the absence of dissolved CO, for the presence
of the following equilibria:

CO; = COyqaq) + H,0 = H,CO04

H,CO; + H,0 = HCO3 + H;07 pKai=6.35

HCO3 + H,0 = C05™ + H;07 pKaz=10.33
Adjusting the concentration of the salts, the pH of a bicarbonate buffer can be
varied in the range 6 < pH < 10 (pH = 7.3 in this work where [KHCO3] = 0.5 M in a
CO,-saturated solution).
In a recent work on Sm-doped CeO; it has been reported how the electrochemical
CO; reduction at high temperature proceeds via a stable carbonate intermediate,
the coverage of which is coupled to the surface Ce** concentration. The authors
were able to shed light into the reaction mechanism thanks to an in-operando XPS
study.B?! Following those findings, it is interesting to see also at RT and in aqueous
solutions if and how CO, reduction is affected by the presence of carbonaceous
species that may interact with partially-reduced cerium oxide.
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As in the case of HNO; acid solutions, the F.E. for formate production has been
evaluated by analysis of the electrolyzed solution by I.C. 2 mL aliquots have been
collected from the electrochemical cell at the end of one-hour electrolysis at
different Eapp, While the gas phase has been analyzed during each measurement by
online G.C. to determine the F.E. for gas products. During each electrolysis the gas
phase is analyzed four times (one injection each 20 minutes, and the mean value
are used for F.E. calculation)

As clearly seen in Fig. 2.11a the F.E. for formate/formic acid production in KHCO;
buffer 0.5 M is much lower than in the case of acidic solutions (2-3% vs. >40%). It is
important to underline the presence of the same trend observed in acid, i.e. higher
F.E. at the most positive potentials, that however in this case is shifted towards
higher overpotentials (almost 400 mV more negative). Indeed, as evidenced in the
CVs of Fig. 2.11b the overpotential required for HER and/or CO,RR are rather
negative (the dashed line refers to E’ of CO,/HCO;H) and only small cathodic
currents are detected. The intense cathodic peak observed in Fig. 2.11b during the
first scan and that disappears completely during the second one, is ascribed to
Ce**/**reduction. The process occurs quite easily and one potential cycle is enough
to reduce completely the electroactive CeO, on the electrode.
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Figure 2.11: a) Faradaic Efficiency of formate production in CO,-sat. KHCOs buffer solution for
MWCNT@CeO,. Each point corresponds to analysis of the liquid phase after 1-hour potentiostatic
electrolysis at different overpotentials. KHCO3 0.5 M. b) Representative CVs for MWCNT@CeO, in
KHCOs. The first (dashed line) and second (solid line) cycle are reported. Potentials vs. Ag/AgCl 3M
and corrected for the uncompensated resistance. Scan rate = 50 mV/s. c) Double layer capacitance
for MWCNT@CeO; (black) and CeO; (green) in Ar- (empty dots) and CO»- sat (filled dots) KHCO3 0.5
M solutions.

Again, the reduction of F.E. for formate at more negative potentials is paralleled by
anincreased F.E. for HER that accounts for almost 100% of the total products at the
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most negative potentials (not shown). No other gaseous CO; reduction products,
like CO, ethylene or methane, have been indeed detected. These results are
possibly another experimental evidence for the crucial formation and participation
of hydrides in CO; reduction. Scheme 2.2 resembles the situation that likely occurs
at the electrode surface, where CeO,x mediates the hydrogenation of CO, to
formate/formic acid.

H HCO,

D +e
\ —— HCO,

Scheme 2.2: schematic representation of CO; reduction on MWCNT@CeO, where hydrides species
formed on the surface of CeO2 mediate the electro-hydrogenation of CO, to formate/formic acid.
This process is fostered in acid solution where the availability of free protons does not hinder the
formation of such hydrides, whereas at neutral pH the conversion is more inefficient.

The obvious low availability of free protons (or HA in Scheme 2.2) at neutral pH
hinders the formation of hydrides on CeO; during cathodic polarization and results
in a general low efficiency for formate production. Moreover, it has been found
that the presence of carbonates does not improve CO; conversion. Probably the
interaction of COs* with Ce3* competes strongly with the adsorption of COx(q (or
its corresponding hydrated form HCOs') and this decreases the efficiency for CO,
conversion. This is also reflected by the negligible variation of Cq for
MWCNT®@CeO, in a KHCOs electrolyte in either the presence or absence of CO, (Fig.
2.11c). A comparison with the double layer capacitance of CeO, confirms the
general characteristic of higher Cq values for MWCNT@CeO: (as observed in the
other electrolytes), and also reveals no variation of Cqy for CeO; after saturation of
the KHCOj3 buffer with CO..

2.3 MWCNT@Pd/CeO,: Electrochemical characterization and CO;
reduction.

In light of the results obtained with MWCNT@CeO, it has been proposed the
introduction of Pd nanoparticles within the nanostructure so as to increase the
availability of hydrides on the electrode surface in a wide range of pH. Palladium is
a very well known sponge for hydrogen, and for each Pd atoms it can accommodate

93



within its lattice almost one hydrogen atom in the form of hydrides.*” Moreover,
the ex-situ co-preparation of the Pd/CeO, building block and its incorporation
around MWCNTs can be easily obtained with the synthetic protocol used. It is then
possible to investigate the role of hydride species in CO; electroreduction for this
class of nanocomposites, trying to uncouple the effects that the formation of
hydrides on CeO, and/or Pd NPs have on CO,RR.

The electrocatalytic performances toward CO; reduction for MWCNT@Pd/CeO,
are then studied and are here reported.

Films of MWCNT@Pd/Ce0,, prepared according to the procedures previously
described, were studied in the same HNO3 and KHCOs solutions.

2.3.1 Electrochemical characterization in Nitric Acid

The electrochemical characterization in HNOs is reported in Fig. 2.12. LSV scans
reveal how MWCNT@Pd/CeO,displays high cathodic currents as evidenced by the
high current density and the value of the onset potential of the black curve in Fig.
2.12a. Reduction occurs already at positive overpotentials for formate reduction
(i.e., at more positive potentials than the thermodynamic limit E’ [CO,/HCO,H]),
meaning that hydrogen evolution (E’ at n ~ +0.2 V) is the predominant process at
such potentials. For comparison, the metal-free MWCNT@CeO, shows comparable
currents but shifted more negative by ~600 mV. It is interesting to note how for
MWCNT@Pd/Ce0,, due to the strong contribution of HER, no processes associated
to CO; conversion and Ce*/Ce3 reduction could be appreciated in the “low-
overpotential region”, as in the case of MWCNT@CeO,. This enhanced activity of
MWCNT@Pd/CeO; for HER is clearly seen by analysis of the F.E. for formic acid
synthesis (Fig. 2.12c and related potentiostatic 1-hour electrolysis in Fig. 2.12d).
The production of formic acid increases as the potential approaches the
thermodynamic limit (n = 0 V), but with an efficiency that falls well below that of
the analogous metal-free MWCNT@CeO,. This behavior is explicable with a greater
tendency of the hydrides formed on Pd (Pd-H) to evolve to H, instead of promoting
the electro-hydrogenation of CO, to formate. This observation contrasts with what
reported by Kanan and coworkers,** but it is likely that on Pd nanoparticles the
acidic media may enhance more strongly the rate of HER than that of CO;
hydrogenation. In acidic solution, Pd-H are then more keen to generate H;
following a Volmer-Heyrovsky or Volmer-Tafel mechanism (120 mV/dec slope, Fig.
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2.12.b), whereas the formation of hydrides on CeO; s less efficient and does not
led to an efficient production of formic acid.
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Figure 2.12: Electrochemical characterization of MWCNT@Pd/CeO,. a) LSV for the nanostructured
catalysts MWCNT@Pd/CeO, (black line) and MWCNT@CeO; (red line) in a CO,-saturated solution.
Scan rate 2 mV/s. Potential are reported vs. E’ [CO2/HCO,H] = -0.2 Vrue. Note that the cathodic current
of the black curve is positive to 0 V vs. E’ [CO/HCOOH] because of HER current. b) Tafel plot for
MWCNT@Pd/CeO, derived from LSV experiments. ¢) Comparison between the F.E. of formic acid
production for MWCNT@Pd/CeO, (black) and MWCNT@CeO, (red diamonds) in a CO,-saturated
HNO3 solution. d) Potentiostatic 1-hour electrolysis at overpotentials of -0.02 V, -0.07 V, -0.12 V and
-0.17 V vs. E’ [CO2/HCO2H] (from bottom to top). Electrolyte: HNO3; 0.1 M solution.

To definitively prove the role of the different hydride species on Pd and CeO,,
experiments with MWCNT@Pd/CeO, in neutral bicarbonate buffer were
performed.

2.3.2 Electrochemical characterization in Bicarbonate buffer

An exhaustive electrochemical characterization of MWCNT@Pd/CeO; and its
comparison with MWCNT@CeO:; is reported in Fig. 2.13. It is remarkable how
similarly the two nanocomposites behave in near neutral bicarbonate buffer (Fig.
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2.13a), while in acidic solutions their respective j-V curves are displaced by about
600 mV. In KHCO3 0.5 M, both the nanocomposites struggle to reach high cathodic
currents (irrespective if they are related to HER or CO; reduction) even if large
overpotentials are applied. This behavior is translated in a similar trend and
comparable F.E. for formic acid production as measured by I.C. (Fig. 2.13b) and also
similar F.E. for H; evolution (not shown). In bicarbonate buffer and especially at low
overpotential, MWCNT@Pd/CeO, is more efficient than MWCNT@CeO, for
formate production. The difference even if not substantial can be ascribed to the
extent of hydride species on the two samples. At near neutral pH it is likely that
hydrides formation on the Pd NPs of MWCNT@Pd/CeO; is more efficient than on
Ce0,. If hydrides are involved in CO, electro-hydrogenation, this finding would
provide an additional proof of their participation in the mechanism, and would
explain the higher, but however low, F.E. for formate production observed in the
case of MWCNT@Pd/CeO..
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Figure 2.13: a) CVs at 50 mV/s for MWCNT@Pd/CeO; (red) and MWCNT@CeO; (black line) in KHCO3
0.5 M. b) Comparison between the F.E. for formic acid production of MWCNT@Pd/CeO, (black) and
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MWCNT@CeO; (red diamonds) in a CO,-saturated KHO3 0.5 M solution. c) Potentiostatic 1-hour
electrolysis at various overpotentials vs. E’ [CO,/HCOOH] (from bottom to top). The decrease of the
current for the more negative potentials around 2400 s is due to the formation of bubbles that stick
at the surface and reduce the effective surface area of the electrode. It is worth mentioning that this
however does not affect the F.E. calculations since the charge is integrated over the entire length of
the electrolysis. d) Tafel plot obtained from potentiostatic experiments.

From these results it is then possible to correlate the availability of free protons in
solution to the likeliness of hydride formation both on CeO, and Pd nanoparticles.
Since in the case of MWCNT@Pd/CeO; the nanocomposite displays identical
efficiencies for formate production in acid and in bicarbonate buffer (although, for
the latter, shifted to more negative potentials) we may infer that Pd-hydrides play
a minor role in promoting CO, electro-hydrogenation with respect to hydrides
formed on Ce0,. In the latter case very different efficiencies at acidic or neutral pH
were observed. In bicarbonate buffer the F.E. for HER is pretty much the same for
MWCNT@CeO, and MWCNT@Pd/Ce0,: the process however occurs for both
systems at moderate-high overpotential, Pd-H led to HER similarly to
MWCNT@CeO;, meaning that possibly at neutral pH also the formation of Pd-H is
hindered by the solution pH. The latter observation is somehow in contrast to what
reported by Kanan in his work with Pd/C NPs, where in the same experimental
conditions (KHCOs 0.5 M) they reported current densities that are more than twice
of those reported here. Also, the authors detected formic acid at very low
overpotentials, in a potential region where no faradaic currents are here observed.
This difference may arise from the large amount of Pd present in their work (10%
wt.) and probably to a better dispersion of their nanoparticles on Pd/C. The Tafel
plot of Fig. 2.13d reveals the existence of two regions of different kinetics, similarly
to what observed in acidic solutions, with the differences in Tafel slope are not
paralleled by differences in F.E. for formate production (that is rather low in both
potential regions).

From the results here reported it seems that at neutral pH the low availability of
free protons not only hinders the formation of Pd-H, but also that of hydrides on
CeO.,. The net effect is a drastic reduction of F.E. for formate and a preferential HER
due to the very negative overpotential required. In KHCO3 the slightly higher F.E.
for formate of MWCNT@Pd/CeO; may arise from a more favorable formation of
Pd-H than other types of hydrides on CeO,. By contrast, the high availability of
protons in acidic solution makes the formation of hydrides much easier, and these
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species on the surface of cerium oxide turn to be very reactive towards CO;
hydrogenation.

2.4 Conclusions & Outlooks

The pretty high selectivity for formic acid production is a remarkable result for the
nanocomposite MWCNT@CeO,, a noble metal-free electrocatalyst. This peculiar
activity arises form the combination of multiple factors and ultimately by the
synergic combination of the different building blocks. MWCNTSs are proved to be
fundamental to provide an optimal electronic connection within the nanostructure,
whereas the oxide shell actively mediates CO, conversion, thus being much more
than a mere —though rather effective- platform for CO, adsorption. After
comparison of the electrochemical activity of MWCNT@CeO, with that of
MWCNT@Pd/Ce0; at various pHs, the strikingly high efficiency for formate/formic
acid production has been ascribed to the formation of very reactive hydrides
species on the surface of cerium dioxide. These hydrides on CeO,, as well as those
on Pd (Pd-H), would form preferentially in acid, but only in the former material this
translates in an efficient formic acid production. In the presence of Pd NPs the
preferential HER is observed. In general, the formation of Pd-H does not lead to
improved conversion efficiency, but the investigation of such system allowed to
better understand the role of different hydrides and decouple them from the
overall catalytic activity.
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Figure 2.14: schematic representation of CO; reduction on MWCNT@CeO; with highlighted the path
to formic acid production favored by partially reduced CeO,.x that enables hydrides formation.

Fig. 2.14 summarizes the possible reaction mechanism derived from the
experimental results. CO, adsorption occurs preferentially after reduction of CeO,
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to its sub-stoichiometric form CeO.x. In the reducing environment of cathodic
polarization very reactive hydride species are generated on the surface of CeO;
from the reduction of a proton source (HA) in solution. The combination of these
two process leads to the preferential formation of formate/formic acid following
an electro-hydrogenation mechanism thus bypassing the highly endoergonic direct
outer-sphere reduction of CO,. The overall process is particularly selective since
adsorbed CO, a precursor for the formation of more reduced hydrocarbons like
methane, is not formed.

The possibility to convert CO, by the co-participation of electrochemically
generated hydride species on oxides may provide very interesting implications for
the future development of CO, reduction electrocatalysts. Following this proof of
principle, it is envisaged that other oxide materials able to form hydrides can be
used. WOs;, for example, can be a potential candidate, also suitable for a photo-
electrochemical approach. Indeed, the bands of WO3; met the energy requirements
needed to reduce CO; and photo-excited electrons can potentially be transferred
from the CB of WOs to CO, via the participation of surface hydride species.[”

Also the very tunable family of perovskites can have a role in this context.
Moreover, the combination of oxides with cheap and earth-abundant metals like
Cu, Fe, Sniis also foreseen to boost the future of CO; electrocatalysis and their study
will be for sure of great interest. For example, in the specific case of CeO; it has
been recently reported how a Cu-doping of the ceria lattice increases CO;
adsorption on the surface, especially at low dopant contents./**! These findings and
the excellent properties of copper as CO:RR electrocatalyst, together with the
results here reported may suggest intriguing characteristic for a potential
MWCNT@Cu/CeO; electrocatalyst.
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CHAPTER 3

Photo-Electrochemical Hydrogen Evolution

The work presented in this Chapter has been conducted during a six-month
research stay in the Electrochemical Energy Laboratory (EEL) at M.LT. In that
period, the original aim of the PhD project of studying electrocatalytic systems for
energy conversion, has been expanded and integrated with a photo-
electrochemical approach, in which the classical know-how of electrochemistry is
combined to that of semiconductor physics and material science.

The project outlined in the following section results from a collaboration between
EEL and the Departments of Physics and Mechanical Engineering at the University
of Yale, where the studied materials have been synthesized. It is here reported the
complete electrochemical characterization performed on the photoelectrode
assemblies during my visit, as well as other materials’ characterization. For a better
understanding of the project and to appreciate the peculiarity of the studied
systems, also experiments done by collaborators are also presented (specified in
the text).

3.0. Photo-electrochemical Hydrogen Evolution (PEC HER)

One of the big challenges for a sustainable society is to develop methods able to
capitalize the potentiality of solar energy, the most extensive, cheap and powerful
source of energy available on Earth. This milestone can be partially achieved from
the conversion of solar energy into chemical fuels, that entangles also the
potentiality to decouple the processes of energy capture and reconversion.

Solar fuel production, such as by photo-electrochemical (PEC) water splitting*3! or
CO; reduction!®® allows the storage of solar energy in the form of chemical bonds,
easily reconverted to electricity, heat, chemicals or other forms of energy on
demand. Practical materials and devices able to produce chemical fuels when
exposed to sunlight have to be designed, keeping in mind that the prominence of
the problem emphasize the requirement for low-cost and abundant materials.
Realization of this concept requires the integration in a single device of diverse
functional elements that must work together efficiently to transform in the order
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i) light into charge (photons absorption and charge separation), and ii) charge into
fuels through electron transfer reactions at the surface. This can be achieved by
means of several possible configurations (highlighted in Fig. 1.5, but many others
are also possible), that share a common point, that is the use of semiconducting
materials as photoelectrodes. Due to their band structure, semiconductors can
efficiently separate photogenerated charge carriers and are excellent candidate to
carry out the task of light absorption in practical devices.

More specifically, the most efficient collectors of solar energy are -V
semiconductor solar cells in light of their direct band gap (electrons in the valence
and conduction bands share the same crystal momentum).t® Such high efficiency
of light absorption allows to use very thin active layers, with the possibility to make
thin-films devices (< 1 um thick).[®! By contrast, indirect band gap semiconductors,
like Si, absorb light less efficiently and require much thicker active layers. Despite
these drawbacks, Si is the most used material in PV for its huge abundance and low
costs.

3.0.1 Protection of solar cells

I1I-V semiconductors (and also Si), however, are not stable under illumination in the
relevant operative conditions of PEC water splitting (i.e. aqueous electrolytes).[1%1
They thus need need to be protected from the solution, but in a way that sunlight
absorption is still efficient and that photogenerated carriers are able to react at the
surface giving the desired products. Transition metal oxides represent a flexible
class of materials with the right requirements to be good candidates as protective
layers for 11-V semiconductors.*?3! They are stable in aqueous solutions and the
possibility to easily tune their properties give rise to their peculiar activity for
promoting water splitting kinetics, including HER and OER. Moreover, since they
do not perform well as solar energy collectors they are perfectly complementary to
I1I-V semiconductors.

Among the various approaches to PEC water splitting,!*! the strategy to “bury” a
solar cell under a protective layer is getting more and more credit in the scientific
community as a valuable way to leverage the impact of this technology on the
global scale. This strategy is particularly interesting for the possibility to use very
well-known and efficient PVs like Si, GaAs and perovskites. Some of these
semiconductors have been studied for decades, and the huge background in
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material fabrication and development can in principle allow for this technology to
see the light of tomorrow in a relative short time. Other PEC approaches, like those
reported in Fig. 1.5b, have actually the limitation of a poor material stability for
long-term operation, but several very promising candidates have been proposed
and are being under development both as photoanodes (like BiVO.) or
photocathodes (Cu,0, WSe,, InP).[2¢!

Recent advances in efficiency for photo-electrochemical hydrogen™®” and oxygen
evolution*®2Y include the incorporation of I1I-V (like GaAs) or Si solar cells!???3 with
surface protecting oxides!*’-?4 or sulfides!?>?”). The concept of this approach is to
couple the high efficiency for solar conversion of solar cells with the high stability
of surface protective layers in the relevant chemistries of PEC water splitting. TiO>
has received wide attention as a coating layer on different solar cells (Si,
perovskites) and for both PEC HER and PEC OER. The results of this approach are
very remarkable!?”?8) and conversion efficiencies up to 12.3% for unbiased overall
water splitting have been reported.?®! Key point is to create a stable surface coating
that allows electrons to flow by tunneling or by a metal-like ohmic contact as
demonstrated in some cases for thicker (~100nm) layers.243%

These protection schemes however often require precious metal catalysts
such as Ptl17:243132] to promote reaction kinetics, reducing the kinetic
overpotentials for the oxidation or reduction reactions.

An incomplete control of the interfaces between the catalysts, surface
protection layers, and the underlying semiconductor has in some cases
limited the ability to achieve further advances.[3!

3.0.2. A novel concept

With this respect, a key point of the work here presented is the possibility to
eliminate the presence of surface catalysts by a proper combination and
engineering of the solar cell-metal oxide protective layer. In particular, it is shown
how a detailed determination of the band energy diagram (bands position in the
absolute energy scale) for the studied photocathode is a powerful guideline to
design and predict effective photoelectrodes, without the need for catalysts on the
surface. Moreover, the current density usually involved in PEC water splitting are
about two order of magnitude smaller than those of commercial electrolyzers. This
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fact greatly reduces the requirements for very high catalytic activity and further
motivates the possibility to circumvent the use of catalysts.

Of course this strategy cannot be adopted to any solar-fuel production scheme, as
there are reactions with slow kinetics that strongly require surface catalysis (e.g.
OER), but in some cases this approach can be extremely helpful to simplify the
device architecture while keeping high the efficiency of the conversion process.
This is the case for example of hydrogen evolution, a relatively simple reaction with
fast kinetics.

In this Chapter it is shown how photo-electrochemical HER can proceed on a
catalyst-free metal oxide-protected IlI-V semiconductor (an np-GaAs solar cell) at
neutral pH. The np-GaAs has been protected with a nanometric-thick layer of
SrTiOs, a wide band gap transition metal oxide with perovskite structure. This oxide
is very stable in water and has been epitaxially grown on top of GaAs, so as to
reduce as much as possible any losses (charge carrier recombination, slow electron
transport, etc.) at the interface with the solar cell.

3.1 STO-GaAs photocathode assembly for PEC hydrogen evolution

The concept of protecting Ill-V solar cells by transition metal oxides is realized in
this work burying the np-GaAs junction under a 16 nm thick epitaxial SrTiOs layer.
These photocathode assemblies, labelled as STO-GaAs and highlighted in Fig. 3.1,
have been synthesized in the Department of Physics at the University of Yale,
where also the solid state characterization of the devices has been performed.
The 16 nm thick protective oxide has been epitaxially grown on np-GaAs by MBE.
SrTiO; faces the solution side, while the protected GaAs is isolated from the
electrolyte and back-contacted to the external electrical circuit. The peculiar
characteristics of the GaAs solar cell, as well as those of the SrTiO; protective layer
are reported in detailed in the following sections.

The motivation for the choice of SrTiO; and GaAs is multiple, and mainly deals with
consideration based on the energetics of the semiconductors’ bands and their
relative alignment. In Fig. 3.1a the various elements of the device, together with
the relevant [H*/H,] redox couple at pH = 7 are shown and aligned with respect to
the absolute energy scale. The diagram refers to energetics calculated with the
components not in contact one to the other, so it is not representative of a real
situation, but clearly evidences the favorable downhill pathway for electron flow
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from the top of the conduction band of GaAs down to the solution. When STO-
GaAs photocathode is realized and placed in solution, the electrical contact of the
different elements induces adjustments of the bands’ position so that the solution
and the electrode experience the same Fermi energy when the system is
equilibrated in the dark. However, these adjustments do not involve changes of the
band edge positions, that are determined by the chemical properties of the
different interfaces, and then are fundamental to describe the properties of the
entire photoelectrode. These interfaces are those between electrolyte-SrTiO; and
SrTiOs-GaAs and are highlighted by the black circles of Figure 3.1b. In this work they
have been determined experimentally by means of EIS and XPS to gather a
guantitative description of STO-GaAs energetics and to have an in-depth analysis
of PEC performances. As it will be shown, the possibility to run HER without the
addition of any catalyst on the surface relies mainly on the energy offset between
the [H*/H;] level and the SrTiOs conduction band.
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Figure 3.1: a) schematic energy diagram of SrTiO3 and GaAs in vacuum and not contacted one to the
other. The energies of the bands are drawn in the absolute energy scale, with Electron Affinity and
Band-gap (Eg) values taken from tabulated values. The black arrow highlights the high energy barrier
between SrTiO; and GaAs that does not allow photogenerated holes to reach the surface. Not in scale.
b) Preliminary representation of STO-GaAs operation under 1 sun illumination. The SrTiOs layer (red
shaded area) protect the underlying np-GaAs solar cell (orange and blue areas) from photocorrosion
in aqueous electrolytes (drawn at left together with the energy of the relevant [H*/H;] redox couple).
When sunlight is absorbed by the GaAs solar cell, electrons are excited in the CB and can flow downhill
towards the surface where they react and reduce water to hydrogen. Holes are not allowed to reach
the surface for the high energy barrier present. The photovoltage generated by the np-junction is
described as the difference of the quasi Fermi energy level for electrons (Er,) and holes (Ef;), that
respectively describe the population of majority and minority carriers. With black circles are also
highlighted the fundamental energy gaps at the interfaces electrolyte-SrTiO3 and SrTiOs-GaAs, that
have been experimentally evaluated (see text). CB and VB denote the conduction and valence bands,
respectively. Lengths are not in scale, while band energies are.

111



STO-GaAs operation under 1 sun illumination is highlighted in Fig. 3.1b. Absorption
of sunlight by the GaAs solar cell generates a photovoltage and the resulting electric
field at the np-junctions induces the separation of the photogenerated carriers.
Electrons move towards the oxide-water interface where they have enough free
energy to evolve hydrogen, while photogenerated holes move in the opposite
direction and are collected at the back contact. In addition to the electric field
effect, the high energy barrier at the SrTiO3-GaAs interface prevents holes to reach
the surface, inducing possible recombination losses.

To understand the electronic structure and the properties of the oxide-electrolyte
interface, also Nb-doped SrTiOs single crystal electrodes (Nb:STO) have been
studied. The Nb doping (1% at.) is needed to make the electrodes electronically
conductive, and since it does not induce considerable changes in the optical gap
with respect to un-doped SrTiOs,3* Nb:STO is a good approximation of the epitaxial
SrTiOs protective layer.

Measurements of the model system Nb:STO are required to figure out some
peculiar features of the oxide protective layer. For example, the valence band
energy of SrTiOsz are revealed by Mott-Schottky analysis (section 3.3.4). As in the
case of MWCNT@PdTiO,, measurements of the space charge capacitance as a
function of E.p, have been used to evaluate the valence band position. As
mentioned, the offset between the SrTiO3 valence band and the hydrogen couple
(H*/H,) in the actual experimental conditions is a fundamental point to understand
the PEC performances of STO-GaAs and to rationalize a quantitative band diagram
for the photocathode.

3.1.1. llI-V semiconductor solar cell.

As mentioned earlier in section 3.0, IlI-V semiconductors are up to now the most
efficient materials for solar cells, with efficiencies as high as 28.8%. However,
performances for state-of-the art crystalline silicon are not very different, with a
record efficiency of 25.6%./°) GaAs has a bandgap of 1.42 eV that is an optimal value
to exploit at best the incoming sunlight. The visible part of the solar spectrum is
effectively absorbed and GaAs solar cells reach conversion efficiency close to the
Shockley-Quessier limit of 31%.13! As it will be explained in section 3.2.3, a bandgap

of 1.42 eV would allow to reach a maximum current density of ~32 mA/cm?, a value
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well above the conventional threshold current of 10 mA/cm? that roughly
correspond to a 10% solar-to-hydrogen efficiency.B®

In this work, GaAs solar cells have been produced on a lab scale by solid source
molecular beam epitaxy (MBE) on on-axis 10 cm square (001) p-GaAs wafers (~10%°
cm3). By electron diffraction is revealed the growth of a smooth crystalline (001)
surface. In order to generate the np-junction, n- and p-type dopants (Si and Be
respectively) have been added. In Fig. 3.2a is reported a schematic section of the
GaAs solar cell with highlighted the dopant densities of each layer. Role of the
buffer layers is to prevent current losses for charge recombination in the bulk of
the solar cell.

Classical current—voltage (J-V) characteristic of a representative np-GaAs solar cell
is shown in Fig. 3.2b under simulated AM1.5g solar irradiation. The solar cell shows
an open circuit voltage (Voc) of 0.94 V (that corresponds to the generated
photovoltage) and a short circuit current (Jsc) of 14.3 mA/cm?. These values yield a
solar-to-electricity efficiency of 10.2%.

The theoretical voltage required to split water (without applying any external bias)
is 1.23 V (at 20°C), but because of kinetic overpotentials this value practically raises
in the order of 1.8-2 V. This fact means that any solar cell is not able to generate
enough driving force to split water by itself. More than a single cell, in a tandem
(2x) or multi-junction (3x, 4x) configuration are then needed to reach the required
voltage. The high Voc registered for np-GaAs, underlines the possibility to achieve
unassisted water splitting with just a combination of 2x np-GaAs solar cells in a
tandem configuration.
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Figure 3.2: a) schematic section of the np- GaAs solar cell, with specified the different layers. Not in
scale. b) Current-voltage (J-V) characteristic of the np-GaAs solar cell under AM1.5g illumination.
Courtesy of Dr. Lior Kornblum, University of Yale.
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To clarify the role of the np-junction, the operation of the np-GaAs solar cell when

used directly as a photocathode is schematized by the band diagrams of Fig. 3.3.

a) b)
p-GaAs

Electrolyte

n*- GaAs

Figure 3.3: Band diagrams showing the operation of the np junction solar cell under open-circuit
conditions a) in the dark and b) under illumination. Courtesy of Dr. David Fenning, MIT.

An electrolyte with a redox level matching the electron affinity of GaAs is chosen
for simplicity. In the dark (Fig. 3.3a), the junction is equilibrated and a built-in
potential (and an electric field) are formed across the depletion region, caused by
the diffusion of carriers from both sides of the junction.®”! Under illumination (Fig.
3.3b), photogenerated electrons and holes in and near the depletion region are
separated by the built-in field and are the source of the photocurrent.??! The
populations of these excess carriers are represented by the quasi-Fermi energy
levels for electrons (Eg,) and holes (Er,), and their difference correspond to the
generated photovoltage, Voc.

3.1.2. Transition metal oxide protective layer.

Many materials have been studied as protective layer for solar cells, but issues of
poor quality of the junctions has often limited their applications. A protective layer
having a high-quality interface with the underlying solar cell is therefore necessary
to maximize the efficiency of the photoelectrode assembly. SrTiOs is a wide band
gap semiconductor (3.2 eV) with perovskite structure ABOs; and can be grown
epitaxially with minimal interfacial reactions.’®®4* Among oxide materials, is one of
the few that is possible to epitaxially grow. These characteristic, together with the
great stability at different pHI™"? and at extreme temperatures and pressures,
makes it an ideal candidate for the purpose to protect GaAs.

In this work a thin SrTiOs; metal oxide layer is grown epitaxially by MBE®?43 on the
GaAs solar cell structure previously described. The resulting oxide coating is 16 nm-
thick and by X-ray diffraction (not shown) it is demonstrated the high crystalline
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quality. TEM image of Fig. 3.4 reveals an atomically sharp interface between SrTiO3
and the underlying GaAs solar cell, necessary to achieve good photo-
electrochemical properties.
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Figure 3.4: Atomic structure of the SrTiOs/n-GaAs interface revealed using transmission electron
microscopy (2 nm scale bar). White dots in the SrTiO; side are Sr atoms. Courtesy of Y. Zhou,
Brookhaven National Laboratory.

3.2. Characterization of PEC devices.

To assess the solar-to-fuel energy conversion process of a PEC device, different
performance metrics are used. This has sometimes generated ambiguity in data
presentation, and for this reason over the years some formalizations have been
proposed.*¥ It is then convenient to briefly introduce some of the figure of merit
usually considered in evaluating PEC devices and several standardized procedures
adopted for materials’ testing and characterization.

3.2.1. AM 1.5g solar spectrum

Standardization measurements in the field of PEC stems from that of photovoltaics,
and both share several methodologies and test facilities. The first aspect to
consider is the light source. In a collaborative effort, the PV industry, government
laboratories and the American Society for Testing and Materials (ASTM) years ago
defined the standard terrestrial solar spectrum, the Air Mass 1.5 Global, also known
as AM1.5g.14°!

By then solar cells have been characterized with this simulated sunlight, whose light
intensity is commonly defined as “1 sun” and correspond to 100 mW/cm?. In this
work 1 sun illumination is realized using a 300 W Xe arc lamp as the light source,
and a Schott glass AM1.5g filter to reproduce the simulated sola spectrum. The
intensity of the light in front of the working electrode is calibrated before each
measurement with a standard c-Si PV reference cell.
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3.2.2. Photocurrent — potential

The most common, easy and powerful tool to analyze the behavior of a
photoelectrode is to record the generated photocurrent as a function of the
applied potential in a three-electrode electrochemical cell. Once each
photoelectrode is optimized, two-electrode measurements are necessary to
characterize the whole water splitting device.

3.2.3 External Quantum Efficiency (EQE)

The External Quantum Efficiency (EQE), also known as Incident Photon-to-Current
Efficiency (IPCE) is the most important diagnostic efficiency for a PEC device and
refers to the fraction of incident photons, of a given energy, that generate a
photocurrent. Ideally each photon that hits a photoelectrode generates an
electron, thus giving 100% EQE. EQE spectra are very useful to determine which
photon energies are responsible of the observed photocurrent and are usually
recorded varying the wavelength of the incident light source.

EQE accounts for the efficiencies of three fundamental processes involved in a
semiconductor-based device, whether a solar cell or a PEC water splitting device
(Eg. 3.1). These are photon absorption (the fraction of electron-hole pairs
generated for each incident photon, maps), charge transport to the solid-liquid

interface (Nwansp), and the efficiency of the interfacial charge transfer (nc).

EQE = Ngps X Ntransp X MNct Eq.3.1

EQE is a common diagnostic figure of merit also for solar cells and in this work EQE
in “wet” and “dry” configurations are reported. “Dry”, or PV EQE, refers to EQE
collected for STO-GaAs outside the solution in a classical two-contact photovoltaic
measurement, where current is collected by evaporated metal contacts
(Au/Ni/AuGe for the top electrode and Au/Cr for the back contact). On the other
hand, “Wet”, or PEC EQE, relates to EQE measurements with the photoelectrode in
solution, and current collection occurs via HER instead than on metal contacts. Fig.
3.5a and 3.5b show schematics of the two different configurations.
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Figure 3.5: schematic of different measurement configurations. a) Three-electrode PEC configuration,
where the working electrode is back-contacted to a titanium wire and the current of H, evolution is
measured against a counter electrode with a potentiostat. b) Two-electrode PV configuration used
for EQE and J-V measurements. The top electrode and the back contact are respectively made of
Au/Ni/AuGe and Au/Cr. Electric current is recorded between these two electrodes. ¢) Typical spectra
where EQE is evaluated at different wavelengths. d) Prediction of maximum expected current density
under 1 sun illumination as a function of semiconductors’ bandgap. The current densities reported on
the right axis refer to 100% EQE and are obtained by integration over the AM1.5g solar spectrum,
whose photon flux is reported in red.

PEC EQE are generally measured at a fixed E.pp varying the wavelenght of the
incident illumination (Fig. 3.5c). They are particularly useful to understand which
photons contribute to the solar photocurrent, also highlighting the causes of
possible losses in the semiconductors (recombination of carriers, scattering
effects). Because of the need for monochromatic light, EQE spectra are recorded
with illumination intensities that are much lower than the standard AM1.5g (100
mW/cm?). This is practically connected to the generation of low photocurrents and,
for this and other technical reasons, the use of a lock-in amplifier (coupled with a
potentiostat) is required. Other possible diagnostic criteria that EQE spectra can
reveal will be highlighted later in the chapter during the discussion of the
experimental results.

EQE is also a good tool to predict the performance of a PEC water splitting device.
Multiplying the photon energy of the incoming sunlight (relative to the AM1.5g
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solar spectrum, left axis of Fig. 3.5d) by the fraction of incident photons that are
converted to electric current is possible for a given semiconductor to estimate the
expected current at 1 sun illumination. The EQE to consider in the calculation is
that obtained at O Vgue. Fig. 3.5d highlights the cases of GaAs, Si and Ge (vertical
arrows) with the maximum expected currents in the case of 100% EQE reported on
the y-axis at right. It is possible to notice that the lower the bandgap, the higher the
maximum achievable current density. This trend has however to be paralleled also
with the fact that very low bandgap semiconductors, e.g. Ge, are not able to
generate a large photovoltage. Multiple junction devices (more than three) would
be necessary to have enough driving force for water splitting, then increasing the
complexity of the device.

3.2.4 Photoelectrode efficiency and Solar-to-Hydrogen Efficiency (STH)

In order to optimize independently each photoelectrode it is useful to calculate the
solar conversion efficiency for the photocathode and the photoanode separately
one from the other. It is however important to keep in mind that the power
produced by each photoelectrode represents just a portion of the total free energy
needed to split water. The efficiency of a single photoelectrode (nee) can be
calculated with Eq. 3.2 from plots of the photocurrent density as a function of the
applied potential (J-V data):

Npg = ]"IPP% Eq. 3.2

where Jmp is the current density at the maximum power point, Vi is the voltage at
the maximum power point and Pi, (in W/cm?) is the power of the incident
illumination (0.1 W/cm? in the case of AM1.5g solar simulators). This efficiency is
however different from the solar-to-hydrogen (STH) efficiency, the most important
measurement that characterize a PEC device. STH ultimately refers to the chemical
energy produced by the solar energy input and should be evaluated only in a two-
electrode, unbiased, device where simultaneously H; and O, evolution occur. Since
in this work only the photocathode assembly is analyzed, STH is not reported.
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3.3. STO-GaAs: (Photo)-Electrochemical characterization

All the electrochemical characterization herein described has been done in a three-
electrode cell, using a Ag/AgCl R.E. and a Pt mesh C.E. The glass cell (V = 250 ml)
has flat optical quartz faces to provide minimal absorption of light and an optimal
irradiation of the W.E. The working electrode assemblies were back contacted with
titanium wires using an InGa eutectic and a silver paint. After drying, the back,
sides, and wires were covered with a nonconductive epoxy so that only the SrTiOs
protective layer was exposed to the electrolyte. The so-prepared working
electrodes were immersed in solution from the top of the cell. For all the
measurements a freshly-prepared neutral (pH 7) potassium PB in 18.2 MQ
deionized water was used as the electrolyte. For CV and CA measurements a 2 cm
stirring bar was rotated at 500 rpm to agitate the solution and reduce bubbles
accumulation on the electrode surface.

Prior to PEC measurements, the electrochemical cell was purged with Ar for at least
30 minutes to remove dissolved oxygen. Argon was flowed through the cell at 10
mL/min with the exhaust stream from the cell plumbed directly into the sampling
loop of a G.C. for the on-line detection of gaseous products. Quantification by G.C.
of the hydrogen generated during prolonged electrolysis (up to 24 hours) enabled
a real time determination of the Faradaic Efficiency for PEC HER. Analysis of the gas
phase occurred by automatic injection every 12 minutes of a 1 mL volume of gas.

3.3.1. Results & Discussion.

Electrochemical and PEC measurements of STO-GaAs have been performed on 8x8
mm? electrodes, which were contacted on the backside with a titanium wire and
insulated with epoxy resin from the sides to form the photocathode. The PB
electrolyte (pH 7) in which STO-GaAs was studied, has been selected for its non-
corrosive and non-toxic nature. Despite the good stability of the SrTiOs layer at
various pH, the choice of a neutral pH is advantageous for the long-term operation
of the device. Accordingly to recent techno-economical analysis, to make viable a
PEC approach for hydrogen production, water splitting devices should last for years
to reduce the actual cost of hydrogen.[*®! A neutral pH is therefore more favorable
to reach the goal of years-standing photoelectrodes, membranes, etc. that even if
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stable in some cases at extreme pH values are however more comfortable in mild
solutions.

In Figure 3.6a the PEC activity of STO-GaAs under AM1.5g standard illumination (1
sun) is reported and compared to that of Nb:STO and a Pt wire. The photovoltage
generated by the GaAs solar cell can be considered like an additional potential that
helps to drive HER, and results for STO-GaAs in cathodic HER currents that are
positive of the thermodynamic limit (0 Vrue). Under 1 sun, the catalyst-free STO-
GaAs provides a ~ 0.55 V voltage gain with respect to the Pt wire at the threshold
value of 1 mA/cm? (see the comparison of the purple and blue lines in Fig. 3.6a).
CVs of Fig. 3.6a reveals for STO-GaAs an HER onset potential of ~ 0.3 Vgue, and a
large reduction current of 7 mA/cm? at 0 Vrue (blue line of Fig. 3.6a). The noise in
the current measurement below 0.1 Vgye arises from bubble formation and mass
transport limitations. Comparing CVs of Nb:STO (green line) and STO-GaAs (blue
line) it is possible to notice a positive shift of the latter by ~ 1 V. This value matches
well with the gain in photovoltage (Voc= 0.95 V) given by the GaAs solar cell (see
Fig. 3.2b). The fact that the CVs for Nb:STO and STO-GaAs are simply shifted by the
additional Voc means that is likely that HER occurs on both SrTIO3 surfaces in the
same way. Then, the device maximizes the integration of the two components
transforming the produced photovoltage into Eapp, Which is positively shifted of the
same entity. From this first qualitative assessment, it is likely that the growth of a
nanometric thick SrTiOs protective layer on GaAs does not lead to energetic losses
or carriers’ recombination within the solar cell (see also EQE experiments later on).
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Figure 3.6: Photo-electrochemical performance and stability test of the STO-GaAs photocathode. The
electrochemical measurements are performed in a 0.1 M potassium PB electrolyte solution (pH=7)
with bubbling Ar and stirring the solution at 500 rpm to reduce mass transport limitations and H;
bubbles accumulation on the electrode surface. a) CV at 10 mV/s (5t cycle shown) of hydrogen
evolution currents for STO-GaAs photocathode in the dark (orange line) and under 1 simulated sun
(AM1.5g, 100 mW/cm?, blue line). For comparison, also CVs for Nb:STO (green line) and an HCI-
cleaned Pt wire are shown. CVs of panel a) have been recorded after 24-hr solar hydrogen production
of the respective samples at Eapp = 0 Vrue (for STO-GaAs samples) or Eapp = -0.4 Vgye (for Nb:STO and
the Pt wire). The photovoltage generated by the np-GaAs solar cell (Voc= 0.94 V) shifts the onset
potential for HER positive of 0 Vrue for the STO-GaAs photocathode. b) Stability test during an 18-hr
CA measurement for the STO-GaAs photocathode, overlaid with the Faradaic Efficiency calculated by
on-line gas chromatography (red empty dots). The predicted current for STO-GaAs at Eapp= 0 Vrue
obtained from integration of the EQE spectra at the same applied potential is also reported (red
dashed line).

The behavior over time of STO-GaAs toward solar-to-hydrogen production has
been assessed by extended electrolysis at 0 Vrue and representative results are
reported in Fig. 3.6b. As can be seen, the STO-GaAs photocathode is able to sustain
HER at the constant rate of ~ 7 mA/cm? for about 18 hours (blue line, left axis),
while maintaining a constant Faradaic Efficiency for the process of ~ 100% (red
dots, right axis). The stability of the photocathode has been also evaluated for up
to 24 hours, a common benchmark test, with analogous results. It is to recall that
the value of 7 mA/cm? agrees well with the prediction of the current density given
by integration of the EQE spectra over the solar AM1.5g spectrum (see also section
3.3.6) and is highlighted by the red dashed line of Fig. 3.6b. A closer look to the J-t
curve reveals how the HER current increases over the first 1.5 hours of electrolysis
and then attains a constant value for the rest of the measurement. This effect is
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consistent for all the samples studied and to exclude the contribution of possible
contaminants in solution, the same CA measurements have been performed on a
PB electrolyte that underwent a pre-electrolysis treatment. The procedure
consisted of doing a galvanostatic electrolysis with sacrificial electrodes in the same
electrolyte then used for the PEC characterization. Pre-electrolysis was performed
at -0.15 mA/cm? for 12-14 hours in a two-electrode configuration, with carbon
paper working and counter electrodes that were removed from the solution under
potential control. This procedure allowed to purify the PB solution inducing the
deposition of potential contaminants, especially metal cations M"™, on the
sacrificial working electrode. Doing this, are excluded the possible effects of metal
impurities that may deposit on STO-GaAs for the application of a constant
reductive potential over a long period of time and in a limited volume of solution.
Nevertheless, after pre-electrolysis of the buffer (not shown) the same increase of
current during the first hours of CA was observed and the beneficial behavior was
ascribed to a peculiar activity of the photocathode assembly. For the sake of
comparison all CV curves of Fig. 3.6a have been recorded after 18/24-hours
electrolysis.

3.3.2. Gas Detection and Faradaic Efficiency

The persistent noise in the J-t curve is due to extended hydrogen bubbles that occur
during 1 sun illumination. Their nucleation and detachment from the electrode
surface is reduced, but not completely eliminated, by stirring the solution. The
hydrogen evolved form the STO-GaAs photocathode during CA has been measured
using gas chromatography (SRI GC 8610C in Multi-Gas #3 configuration, equipped
with a thermal conductivity detector, TCD). Gases were separated in a 6’ Molecular
Sieve 13X Packed Column and argon was used as the carrier gas. H, quantification
is necessary to evaluate the F.E. of the process, highlighting possible efficiency
losses due to STO-GaAs degradation or other parasitic reactions. Every 12 minutes
a sample from the headspace of the cell, continuously flowed at 10 mL/min, was
injected from the 1 mL sampling loop onto the column and detected by the TCD. In
order to calibrate the H, signal from the TCD a two-point calibration was
performed. For this purpose, a 5% H,/N, gas mixture and a standard gas containing
100 ppm of H, were used as references.

Determination of the F.E. has been done using Eq. 3.3:
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where K is the conversion factor from TCD counts (A) to moles, F is the Faraday

F.E. Eq.3.3

constant, n the electrons exchanged, P° the overpressure of the G.C. line (measured
right before the sampling loop) and flow is referred to the purging gas flow (in
m3/s). It is important to note that the H; signal, and then apparently also the F.E.,
varies if the flow of the gas from the electrochemical cell is not constant (and the
pressure too). To this end, the flow (10 mL/min) and the overpressure (~0.14 bar).
were continuously controlled and monitored during measurements with a
metering valve and a manometer.

As highlighted in Fig. 3.6b (right axis), the F.E. for hydrogen production can be
considered quantitative. F.E. in the order of 9813% are found except for the first
three hours of electrolysis when is seen an increase from 10% up to the final value.
The initial lower F.E. is a characteristic of the experimental setup used and is due
to the big dead volume of the cell. The evolved H; requires time to saturate the
empty volume above the solution, hence the injections during the first three hours
are not representative of a stationary situation and should be discarded for data
analysis. This increase of F.E. is also disconnected from the increase of HER current.
The time scale of the two events is different and, also in this case, is consistent
throughout all the samples studied.

The remarkable stability of STO-GaAs revealed by CA is also confirmed by optical
inspection of the photoelectrodes before and after PEC testing. Representative
SEM images of STO-GaAs surfaces are shown in Fig. 3.7. As it can be seen, STO-
GaAs electrodes looks identical before (Fig. 3.7a) and after (Fig. 3.7b) extensive
electrochemical testing, with no evidence of corrosion even after 24 hours of PEC
hydrogen evolution. In contrast, in the absence of any SrTiOs protective layer, the
corrosion of the bare GaAs solar cell upon photoelectrolysis is severe and occurs in
less than an hour (Fig. 3.7c). The only tangible difference is the presence of particles
observed after testing (see Fig. 3.7b). However, they are attributed to traces of
residual electrolyte salts and not to sample degradation. Even EDX spectroscopy
(not shown) before and after testing looks identical except for the elements
present in the electrolyte salts.
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Figure 3.7: Scanning Electron Microscope (SEM) images of the STO-GaAs surface before a) and b)
after testing in phosphate buffer. Image b) has been taken after all the (photo-)electrochemical
characterization, including 24 hours CA under 1 sun illumination. The particles observed in b) are
attributed to trace residual electrolyte salts that after rinsing with deionized water still remain on the
surface of STO-GaAs.

The stability of the oxide layer during PEC operation is of crucial importance for the
feasibility of this approach as a sustainable energy source. To evaluate the
endurance and integrity of the SrTiOs; layer after PEC testing, also XPS
measurements were performed on the surface of the STO-GaAs photocathode
before and after PEC characterization.

The Ti 2p peaks and Sr 3d XPS spectra are shown in Figure 3.8 after background
subtraction. The Ti 2p peaks (Fig. 3.8a) are identical before and after PEC operation.
This peak is sensitive to the oxidation state of Ti, and displays a 4+ valence as
expected for SrTiOs*”! with no other oxidation states observable within the
experimental resolution of XPS. In contrast to the Ti data, the Sr 3d spectra (Fig.
3.8b and 3.8c) show a reduction in the height and width of the peaks after PEC
operation. This observation can be further investigated by fitting of the Sr 3d peaks
to gain insights in the nature of the Sr oxidation states which cause the observed
differences. The inset of Fig. 3.8c shows how after PEC operation the Sr 3d peaks is
originated by a single chemical state of Sr in SrTiOs. In contrast, before PEC
operation the additional features are attributed to a small amount of SrO on the
surface of SrTiOs.*¥! It is not to exclude the possible participation of SrO in the initial
activation process observed during photo-electrolysis but it is yet to be

demonstrated.
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Figure 3.8: XPS analysis of the STO-GaAs surface before and after prolonged 24hours electrolysis at 0
Vgrue under 1 sun illumination. Comparison between a) Ti 2p and b) Sr 3d orbitals. ¢) XPS spectra before
PEC hydrogen evolution reveal a contribution of SrO species (dark grey) to the Sr 3d peak. After
electrolysis, those contributions are not present and only SrTiO3 species (light blue areas) are
responsible of the Sr 3d peak.

3.3.3. Electronic band structure at the SrTiO3-GaAs interface: XPS analysis.

The large solar-to-hydrogen currents reported in Fig. 3.6 and 3.7 are likely obtained
for the optimal band alignment present in the STO-GaAs photoelectrode. To derive
a quantitative description of the relative band positions XPS analysis has been used
to highlight the electronic band structure at the SrTiOs-GaAs interface. In Fig. 3.9
are reported the XPS spectra of a “Bare GaAs” solar cell in the absence of any SrTiOs
layer (orange line), of a STO-GaAs photoelectrode (“Thick STO”, red line) and a thin
STO-GaAs photoelectrode (4nm, “Thin STO”, green line). The valence band energy
can be determined from these plots by the point at which the photoelectron
intensity goes to zero (highlighted by the blue circles). This binding energies by
themselves are however not absolute values (they depend on multiple factors)“!
and to draw conclusions regarding the band alignment at the SrTiO3-GaAs interface
relative comparisons are necessary. To this end a common strategy to derive the
band energy offset between thin films grown on semiconductors is to acquire XPS
spectra for the case of very thin films (the “Thin STO” spectrum of Fig. 3.9), that
allow to reveal the contribution of both the surface layer (SrTiOs) and the
underlying semiconductor (GaAs).P>*" Indeed, the XPS spectrum of a thin STO-
GaAs (green line) enables to collect photoelectrons from both the SrTiO3; and the
GaAs. Comparison with “thick” STO-GaAs and GaAs, where the oxide and GaAs
signals dominate, allows to align the spectra by the position of the common peaks
(As 3d and Ti 3p). With this procedure it is possible to determine the real energy

125



offset at the oxide-semiconductor interface, that is represented by the purple
arrow of Fig. 3.9 and for STO-GaAs is in the order of 2.6 eV.
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Figure 3.9: Band structure analysis of the oxide-semiconductor interface. XPS spectra of the As 3d, Ti
3p and the valence band of thick (16 nm, red line) and thin (4nm, orange line) STO-GaAs surface, as
well as those of clean GaAs interface. The valence band offset between SrTiO3 and GaAs is highlighted
by the purple horizontal arrow. The indicated value of 2.6eV is identical to that reported in the band
diagram of Fig. 3.1. Courtesy of Dr. Lior Kornblum, University of Yale.

This high energy barrier is the same to which the caption of Fig. 3.1 and the text of
section 3.1 refers to, and is beneficial because prevents holes recombination at the
surface. Knowing the E; for SrTiOs; and GaAs, from the obtained value of the valence

band offset it can be calculated the conduction band offset, that is 0.7 eV.

3.3.4. Electronic structure at the SrTiOs-electrolyte interface: Mott-
Schottky analysis.

The energy offset still unknown in the schematic band diagram of Fig. 3.1b is that
at the oxide-electrolyte interface. The energy position of the SrTiO; conduction
band edge can be experimentally determined by Mott-Schottky analysis. In this
specific case it is convenient to perform EIS measurements with the Nb:STO model
system previously described. In this case of major interest is the possibility to
determine the flatband potential, Ers. As mentioned in Chapter 1, by the application
of an appropriate potential it is possible to reduce the band bending up to a point
where the bands are completely flat.®? Analyzing the behavior of the space charge

capacitance Csc as a function of E.p, the conduction band energy can thus be
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evaluated. This analysis assumes that the energetic offset of Nb:STO with the PB
electrolyte approximates the offset at the surface of the epitaxial STO-GaAs
photoelectrode, but due to the similarity between Nb:STO and SrTiOs3,2% it is a
reasonable speculation.
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Figure 3.10: EIS characterization of Nb:STO in 0.1 M PB (pH=7). a) Nyquist plot of Nb:STO at open
circuit voltage in the dark (empty dots) and under 1 sun illumination (filled dots). The inset displays
the equivalent circuit used for data fitting, from which the values of Rs in the various cases have been
determined. b) Mott-Schottky plot of Nb:STO extracted from impedance data at the fixed frequency
of 1.8 kHz (previously determined by analysis of the EIS spectra in the same electrolyte). Fitting the
linear portion of the curve yields a Erg = 0.37 + 0.3 Vgue. The estimated donor density is 5.6x10%° cm-3
EIS data of Nb:STO are reported in Fig. 3.10a. The inset shows the equivalent circuit
used to fit the experimental data, where the constant phase element (CPE1)
combines the capacitance of the Helmholtz double-layer and of the depletion layer
within the semiconductor. Following EIS spectra, Mott-Schottky plots were then
acquired from 0 V to -1 Vgue at a fixed frequency of 1.8 kHz. A representative M-S
plot is reported in Fig. 3.10b. To estimate the donor density (Np), a dielectric
constant (g) of 31053 and a surface area of 0.094 cm? have been used, yielding Np
ofl6x10% cm3 in good agreement with reported values. Fitting of the potential-
dependent linear region between 0 V and -0.4 Ve allow to extract a Ers of -0.37
Vrie in the phosphate buffer of use. This value is slightly less negative than values
measured in alkaline 0.1 M KOH and thus more favorable for allowing
photogenerated electrons to perform efficient hydrogen evolution.

From the Egs of -0.37BVrue the band alignment at the oxide-electrolyte interface is
finally approximated. It is to note the large overpotential of 370 mV present at the
surface of STO-GaAs. This large electronic driving force has been shown to be
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sufficient to promote hydrogen evolution kinetics even in the absence of HER
catalysts.

3.3.5. Band diagram calculation.

The energy diagrams schematized in Fig. 3.1 are idealized representations of the
STO-GaAs photocathodes, just to highlight the operating principles. Indications of
the energy offsets at the various interfaces, bands bending and carriers’ levels are
not accurately described and the lengths are not in scale. Following XPS and Mott-
Schottky analysis, all the required energetic characteristics of the system are
available and it is possible to derive quantitative band diagrams for STO-GaAs both
in the dark and under illumination. The band diagrams have been calculated using
ADEPT 2.1, a Poisson equation solver, and the results are reported in Fig. 3.11.
The situation when STO-GaAs is equilibrated in the dark (i.e. the Fermi energy
within the device is the same) is shown in Fig. 3.11a, while in Fig. 3.11b is simulated
the illumination of STO-GaAs at 1 sun intensity.
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Figure 3.11: a) Band energies at the electrolyte/SrTiO3 and SrTiOs/GaAs interfaces after equilibration
with the H*/H; couple in the dark. The offset between the conduction bands of GaAs and SrTiO5 (0.7
eV, as determined by XPS), and the energy offset at the semiconductor-electrolyte interface (0.37 eV,
as determined by Mott-Schottky analysis) are highlighted in red. b) Band energies for STO-GaAs under
1 sun illumination and at open circuit. It is to note the mismatch between the CB of n-GaAs and the
CB of SrTiOs. All the diagrams are in scale and have been simulated using ADEPT 2.1.

The front contact is represented by the [H*/H;] couple and is placed at an energy
0.37 eV below that of the electron affinity of the SrTiO; protective layer. The doping
concentrations in the various layers of the GaAs solar cell are those reported in Fig.
3.2a. Additional material properties like dielectric constants, holes/electrons
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mobility and lifetimes, absorption and recombination coefficients are taken from
reported data.>7-%!

When the electron energy equilibrates, the bands of GaAs at the interface with
SrTiOs bend upwards, forming a barrier for electron transport to the SrTiOs
conduction band. The height of this barrier is more pronounced to what initially
estimated (note the little mismatch between the CB of SrTiO; and n-GaAs that
hinders the spontaneous flow of electrons when STO-GaAs is illuminated). When
the solar cell is illuminated, a portion of the generated Voc (Fig. 3.11b) is needed to
reduce the magnitude of the barrier at the SrTiOs-GaAs interface and to produce
HER current. Also the depth of the depletion layer that forms in the n-doped region
of GaAs is considerable, in the order of 35 nm. As it will be shown in section 3.3.7,
both factors limit the reach of a high conversion efficiency.

3.3.6. External Quantum Efficiency measurements.

EQE measurements are a great diagnostic tool to evaluate several features of solar
cells. From the wavelength-dependence of EQE is indeed possible to unravel losses
related to the dynamics of photogenerated carriers (e.g. recombination losses) or
to a non optimal absorption (reflection of incident light). Also physical properties
of the semiconductor, like the bandgap energy, can be derived.

In Fig. 3.12a are reported PEC EQE spectra for STO-GaAs (see section 3.2.3.) at
different Eapp. It is possible to note a big increment of EQE in the visible part of the
spectra on passing from +0.125 Vgue to O Vrue. However, the application of more
negative potentials has a minor effect in a further increase of EQE, which levels off
at a limiting value of ~62%. This behavior is consistent to the situation highlighted
in the band diagrams of Fig. 3.11. Under 1 sun at OCP (~0.7 Vgrue) the electrons flow
towards the solution is not very efficient for the high energy barrier at SrTiO3-GaAs
interface. As Eapp is made more negative, the Erof GaAs is raised and the bands shift
accordingly to higher energies. Doing this has initially a great influence in reducing
the barrier height at the SrTiO3-GaAs interface (up to Eapp= 0 Vrue), but a further
increase of Er does not eliminate completely the band bending of the depletion
region in n-GaAs and explains the flattening of EQE at the most negative E.p,. The
inset of Fig. 3.12a displays the EQE spectrum taken at E.pp = O Vrue, Whose
integration over the standard AM1.5g solar spectrum gives a prediction of the
current density obtained during CA at the same E,pp. From the integration, a current
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density of 7.2 mA/cm? was expected (red dashed line of Fig. 3.6b), in very good
agreement with the experimental value of 7 mA/cm? from CA.

a) b)
H, evolution EQE 0 ,I:\E: |
1 8o} hv % |
S 0375V 1 & 50T 570-Gaas, dry Bare GaAs, dry |
g 0125V % \ /
o 40F 0.0V 4 o 40F .
\
204 4 20F STO-GaAs, 0 Ve \ 4
0 i i 1 A i 0 i A i L
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 3.12: EQE spectra for STO-GaAs photocathodes. a) PEC EQE at different applied potentials in
0.1 M phosphate buffer (pH=7). The inset shows integration of EQE at 0 Ve, from which the expected
current at 0 Vgye during CA under 1 sun illumination can be estimated (red dashed line of Fig. 3.6b).
Potentials are reported vs. RHE. b) Summary of EQE measurements for STO-GaAs. PV two-contact
photovoltaic measurements with (green curve) and without the protective SrTiOs3 layer (orange
curve), compared to the PEC EQE at O Vgye (blue curve, the same of panel a). PV EQE spectra are
courtesy of Dr. Lior Kornblum, University of Yale.

In Fig. 3.12b PEC and PV EQE spectra are compared. The PV EQE spectra of STO-
GaAs and GaAs point out the possible effects that the SrTiOs layer has on light
absorption and carrier dynamics. On the other hand, a comparison with the PEC
spectrum of STO-GaAs biased at E.pp= 0 Vrue allows to evaluate the effects of having
the [H*/H:] redox couple as the front current collector.

The general absence of any EQE decay at increasing wavelengths is an indication of
a good solar cell engineering. As the wavelength increases, light is absorbed more
deep in the semiconductor and the photogenerated carriers have to make a longer
distance to be collected, increasing the probability of recombination. The absence
of such recombination losses in the bulk is a sign of a good, but not excellent,
engineering of the np-GaAs solar cell. Indeed, PV EQE in the order of 85% are not
unreal’® and there is a substantial opportunity for further improvements in the
solar cell design, possibly by reducing reflective losses.

Comparing the spectra of Fig. 3.12b, it is evident that all PEC and PV EQE are
identical. EQE is not affected by the addition of the epitaxial SrTiO; oxide and, more
importantly, by the collection of current via HER. The latter is significant because
since EQE depends on n;, (see section 3.2.3) this means that HER is not limited at
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all by kinetics, likely for the big driving force at the surface (0.37 eV). AlsO Neransp
appear to be the same in PEC and PV EQE, so even electron transport to the surface
at 0 Vrue (@and at more negative Eapp) is not limiting the generation of PEC current.

3.3.7. STO-GaAs conversion efficiency

The big energy gap at the SrTiOs-electrolyte interface if from one side allows high
HER currents to flow (for the high 1), however limits the energy efficiency of STO-
GaAs. The efficiency of the photoelectrode for PEC HER can be calculated from Eq.
3.2 using the CV data of STO-GaAs in Fig. 3.6a. The conversion efficiency at the
maximum power point is only 0.55%, a scarce value if compared to the maximum
available from the np-GaAs solar cell that is ~10% (see inset of Fig. 3.2b). In order
to improve the efficiency of the device, a trade off between enough driving force
(to circumvent the need of catalysts) and energy losses has to be realized. A
possible strategy can be envisaged by tailoring the oxide’s band structure!®! to
increase the electron affinity just enough so that the remaining offset at the water-
oxide interface is sufficient to drive HER without the aid of a catalyst.
Nevertheless, probably the weakest point of STO-GaAs resides at the interface
between SrTiOs;and GaAs. The energy offset of 0.7 eV is a rather big energy barrier
that is likely the be the major cause of efficiency losses. If there were no CB offset
at the SrTiOs/n-GaAs interface, the 0.94 V Vo of the solar cell could shift the onset
potential of HER from -0.37 Vgue (the Egs of SrTiOs in the dark) to ~0.55 Vrue under
illumination. Due to the loss of electron energy at the CB offset, actually STO-GaAs
has an onset at ~0.30 Vgue (Fig. 3.6a). Thus, ~0.25 V could be gained tuning the
interface chemistry!®? so as to reduce the energy gap between the CB of SrTiOz and
n-GaAs.

Another aspect that prevents to reach a higher conversion efficiency and limits the
performances of STO-GaAs is the process of electron transport toward the surface
(Mtransp). As mentioned in section 3.3.5., the depletion width of the n-GaAs layer is
in the order of 35 nm, a length scale that is not very favorable for electrons’
tunneling. A possible and simple strategy to solve the problem is to create a thin
heavily-doped layer of n-GaAs. Increasing the doping density would lead to a
narrower depletion width (the barrier height remains the same), then to an
increased rate of electron transport.
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The effects of such a low efficiency can be visualized in Fig. 3.13, where J-V data of
STO-GaAs are paralleled to those of other PEC photocathodes reported in
literature.
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Figure 3.13: comparison of PEC HER data for several photocathodes (ref [27] for the green line, ref
[28] for the black line and ref [32] for the red line). J-V data for the examples taken from literature
reports were collected in 0.5 M H,S04, while for STO-GaAs in PB at pH=7.
The low slope of the J-V curve observed for STO-GaAs results from the above-
mentioned losses within the device. It is very likely that a positive shift of the J-V
curve (for the better exploitation of the Voc) and a faster electron transport to the
surface (improving band offset at the SrTiOs-GaAs interface) would result in steeper
curves and higher limiting currents, thus increasing the efficiency.
It is worth mentioning that the higher stationary currents for the examples of Fig.
3.13 are related to the higher current densities obtainable by the Si-based solar
cells that they enclose (see also Fig. 3.5d). Moreover, the acidic electrolyte used in
the examples reported may help PEC HER. The rate of PEC HER is not affected by
concentration overpotentials as much like in “dark” electrochemistry, however
having a greater availability of protons could be beneficial for STO-GaAs activity.
Summarizing, several aspects of STO-GaAs can be improved to magnify the
efficiency and the overall performances of the photocathode. However, the
concept that is highlighted is the fact that by a proper design of PEC water splitting
devices, not always surface catalysis is necessary and catalyst-free devices are a
reasonable strategy. This is confirmed for example in the present case. Addition of
a Pt layer (deposited by ALD) on the surface of STO-GaAs, giving Pt/STO-GaAs, is
not translated with higher activities. The results, not shown, evidence how the
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addition of Pt does not affect PEC HER efficiency. The current density for Pt/STO-
GaAs during electrolysis at 0 Vgye under 1 sun illumination are only slightly higher
than STO-GaAs (7.6 mA/cm? vs. 7.4 mA/cm?) and the efficiency at the maximum
power density is only 0.61% (vs. 0.55%). Also PEC EQE spectra for Pt/STO-GaAs are
identical to those of STO-GaAs.

3.4. Conclusions & Outlooks

Despite the evident improvements that can be realized, this study has however
demonstrated in the context of solar fuels production the robustness and feasibility
of integrating the IllI-V photovoltaic technology with the growth of high-quality,
single-crystal epitaxial oxides. Their combination has proved to be a valid strategy
for the further development of photoelectrode assemblies.

Using a catalyst-free nanometric SrTiOs protective layer on top of a np-GaAs solar
cell, a stable hydrogen evolution current is produced under 1 sun illumination with
the resulting STO-GaAs photocathode. PEC EQE (an “electrons-out” per “photons-
in” efficiency) for hydrogen production reaches 50% at 0 Vrue and exceeds 60% at
more negative E,pp. The high-quality of the SrTiOs/GaAs interface prevents losses
related to electron extraction and surprisingly PEC EQE match its PV analogous,
with no leaks of efficiency on passing from a “dry” to a “wet” configuration.
Moreover, results not shown, any advances in the solar cell engineering have been
reflected in the performances of the final PEC device. Starting from a first, very
simple, np-GaAs design with EQE of ~10%, and ending up with the presented solar
cell, PEC and PV EQE have always been of the same entity. Also the PEC properties
of STO-GaAs, and the efficiency accordingly, increased as the solar cell was
improved.

Band diagram calculations have been an important part of the work to identify the
reasons for the low conversion efficiency of STO-GaAs. Calculation of band energies
with a combined experimental and theoretical work, allowed to highlight the weak
points and to envisage strategies for the optimization of the device. Band diagram
calculations have also the potentiality to be used not merely as a diagnostic tool,
but also to predict the potentiality of a certain material. For the possibility to
evaluate a-priori some fundamental material’s characteristics band diagram
calculations are then a very advisable tool for the rapid development of PEC water
splitting devices and their role in the actual PEC research should be emphasized.
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Extending the approach presented in this work to high-efficiency tandem solar
cells, offers the potential to generate sufficient photovoltage for stable and
unassisted water splitting. For example, a 1lI-V PV on a Si dual-junction cell
operating as a photocathode could achieve photovoltages well in excess of the 1.23
V thermodynamic minimum required for water splitting.!*243!

In addition, the concept here demonstrated of a catalyst-free platform for solar
hydrogen production can also be adopted in the design of other solar cells-
semiconductors combinations, or for other relevant energy-related applications,
like oxygen evolution or CO; reduction. Especially the latter may benefit from the
specific features of STO-GaAs, where the driving force present at the electrolyte
interface can be exploited for CO;RR, that usually requires high overpotential to
occur.

Another possible and very intriguing strategy is the protection of a np-solar cell
with CeO,. Ceria is a very stable oxide with demonstrated applications as anti-
corrosive coating.’®” Coupling its stability with the interesting electrochemical
properties towards CO,RR demonstrated in Chapter 2 is for sure of great interest
and could give surprising results. Moreover, CeO; thin films can be produced
accordingly to several procedures,®>%! and there are also examples of nanometric
ceria coating on Si,'®” making rather straightforward further steps in this context.
Always concerning CO,RR another possibility arises from the study of the state-of-
the-art oxide-derived-copper catalyst®®® in combination with Si. The coating of p-
Si with electrodeposited oxide-derived copper would prevent p-Si from corrosion
and at the same time provides an optimal surface chemistry to convert CO; to fuels.
To conclude, combining the tunability of complex oxides and the sophisticated
engineering of solar cells, whether Ill-V or the more abundant Si, could allow to get
large gains towards efficient solar fuels production and a pervasive diffusion of PEC
technology.
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APPENDIX

A.1. Tafel analysis for HER.

As thoroughly mentioned in the Introduction and in Chapter 1, HER is a multistep
reaction that involves three possible reaction steps. After the first Volmer step (Eq.
A.1a), also known as electrochemical discharge, either the Heyrovsky (Eq. A.1b) or
Tafel (Eg. A.1c) steps may occur, leading to H; evolution.

H,0+ e™ — Hyqs + OH™ Eq.A.la
Hyqs + e~ +H,0 -> H, + OH™ Eq. A.1b
2H,45 = H, Eq. A.lc

Analysis of the experimental Tafel plots (Log i vs. 17, see sections 1.3 and 1.3) allows
to investigate the reaction mechanism, highlighting which one of the V-H or the V-
T routes would finally give H..

A general theory of current—potential relations for multistep reactions would need
to take into account all potential dependences and surface concentrations of the
intermediates involved, as well as the bulk concentrations of educts and products.
Fortunately, for HER and in most experimental situations the problem can be
significantly simplified for the presence of a single rds that limits the overall rate.
The current is thus determined by the rate of the rds and all other steps can be
considered at equilibrium. In the specific case of HER, Tafel analysis is based on the
assumption that one between the V, H and T steps is much more sluggish, thus
limiting the overall rate.!*?

In the following is specified how and why from Tafel analysis it is possible to obtain
mechanistic information of HER.

Let consider a general multistep reduction reaction O 4+ ne = R which may include
a series of chemical and electrochemical reactions. The rds can be described with
the following general notation:

O'+re=R' Eq. A.2
where r=0in the case the rds is a chemical step, and r = 1 if it is an electrochemical
step. In the case of an electrochemical rds, its current is given by:
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iras = kL, X €5/ x e~ @FNRT kb, x (3, x e(1=@Fn/RT Eq.A.3

COSr and ler are the surface concentrations of the intermediates O’and R/, k{ds and

k2, the rate constants of the forward and back reactions.
For HER, the second term of the previous equation can be neglected, especially in
the case are applied moderate 1 (> 50 mV). Eqg. A.3 then simplifies to:

iras =kl X €50 x e~@Fn/RT Eq. A.4

The current is clearly dependent on Cg, that can be expressed in terms of its bulk
concentration Cgr considering the fact that the steps which precede the rds are at
equilibrium. By appropriate substitutions, Eq. A.4 can be written in the Butler-
Volmer type current-potential relation, Eq. A.5.
i = ipe YiF1/RT Eq. A.5

where i is the exchange current density. Y ; is the so called observable charge
transfer coefficient (also present in Eq. 1.8.) and is dependent on the specific
reaction mechanism. It is now clear why Tafel plots are very useful tools for the
validation of postulated reaction mechanism of multistep reactions, like the case
of HER. Indeed, the measured slopes bin Tafel plots (Log I = a + b X n)reflect
the nature of the rds since b embodies the term ¥, which is characteristic of a
particular reaction pathway.

b_2.3><RT Eo. A6
Y XF a4
and
nl
Yi =V+r0{ Eq. A.7

where n’ are the number of electrons that are transferred in the steps preceding
the rds, and v is the stoichiometric number of the rds (how many times it has to
occur for the overall reaction to take place once).

In the case of HER any of the three steps (Eq. A.1a-c) can be the rds, with y ; that
would have the following values (considering a = 0.5):

Volmerrds (n"=0,v=2,r=1,a =0.5), then y, =1/2
Heyrovsky rds (n"=1,v=1,r=1,a =0.5), then Y  =3/2
Tafelrds (n"=2,v=1,r=0, 2 =0.5),then y 5 =2
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Substitution of these ¥ ; values in Eq. A.6. finally results in the characteristic slope
values for a Volmer (by = 120 mV/dec), Heyrovsky (b = 40 mV/dec) or Tafel (br =
30 mV/dec) rate determining step. Different i, would not affect the value of the
slope b, but are however related to differences in the reaction mechanism since
they embody the contributions of intermediates’ concentration at the surface and
the rate constants of the chemical/electrochemical steps that precede the rds.

As demonstrated in Chapter 1, HER on MWCNT@Pd/TiO; is limited by the Volmer
step. The rate of HER is then the rate of the Volmer step. The kinetic equation for
the case of a Vomler rds at neutral pH is expressed in Eq. A.8b, that is basically an
extended version of Eq. A.5 in which the various contributions to i, are specified.

THER = Trds = Ty = kv(l - B)lelzo Eq A.8a
Since H.g4 formation is the rds, the surface coverage of H.s can be considered

negligible. For  — 0, i = nFAr and ky, = kYe"%F1 Eq. A.8a becomes
iypr = by = nFAkpaj,oe=vrm Eq. A.8b

which is identical to Eq. A.5.

A.2. Electrochemical Cell for the study of CO2RR

A demanding requirement for quantitative measurements of CO2RR is the absolute
tightness of the electrochemical cell used during bulk electrolysis. An accurate
guantification of the reaction products emphasizes the need for a complete
suppression of any gas leak, that would otherwise lead to an underestimation of
the F.E. To this end, the best way to perform CO;RR electrolysis is to use a gas-tight
cell directly coupled to a Gas Chromatograph, for the online detection of the
gaseous products evolved during CA experiments. For a complete description of
CO4RR, also the liquid phase should be collected and analyzed by appropriate
characterization techniques (I.C., L.C. or NMR) at the end of each measurement.

The electrochemical characterization of the nanocomposites MWCNT@CeO, and
MWCNT@Pd/CeO, presented in Chapter 2, has been entirely performed in a
custom-made three electrodes electrochemical cell that possess the above-
mentioned requirement of gas-tightness. The cell has been specifically designed
during the PhD work and it has been realized in the facilities of the “Centre de
Recherche Paul Pascal” (CRPP) in Pessac (France) thanks to a long-standing
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collaboration between the EMFM group in Bologna and the research group of Dr.
Alain Penicaud in that institution. Special thanks go to Mr. Philippe Barboteaux,
who realized the cell.

As can be seen in Fig. A.1, the cell presents two threaded cavities near the bottom
of the main body, where the R.E. and the C.E. can be accommodated. In this work,
a Ag/AgCl R.E. and a Pt spiral C.E. have been used, but others are also possible if
they fit within the cavity (4 mm <@ <6 mm). Both electrodes are placed into glass
tubes and isolated from the electrolytic solution with medium size porous frits. To
ensure the gas-tightness at the electrode-cell body junction, Teflon or Viton O-rings
are placed around the glass tubes and fitted into PEEK nut connectors (Upchurch
Scientific Ltd.) which are screwed directly into the body of the cell.

A peculiar characteristic of the cell is also the bottom part, that consists of circular
interchangeable adapters into which different W.E. can be placed. These adapters
are tightened with 6 screws to the main body and allow to use different W.E. with
different geometries. In this work only rod-like Glassy Carbon electrodes have been
used, but commercial SPEs and in general plane electrodes, can be used as well.
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Quartz window
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Figure A.1: Front, a), lateral b) and top c) views of the electrochemical cell. d) 3D rendering of the
electrochemical cell, with highlighted the main components. The working electrode is not visible, but
the interchangeable basal plate can accommodate planar SPE as well as rod-like electrodes with @ =
6 mm. The drawings are not in scale.
The top of the cell is closed with a cap that is screwed on the main body. Two Viton
sealing are placed between the cell and the cap to avoid the escape of gases.
Connection with the gas line from the cylinders (Ar or COz) and to the G.C. is
assured by two Swagelok stainless steel connectors, that also in this case are
screwed into the main body and have Viton O-rings to prevent gas leaks.
With all the mentioned precautions, the cell is finally completely isolated from the
external environment and is possible to have a quantitative detection of any
product that is generated during CO2RR electrolysis.
It is to note that the top cap of the cell has a quartz window (Edmund Optics), that
allow to monitor by eye the positions of the electrodes and the degas of the
solution. The main feature of this window is however the possibility to irradiate the
W.E. for PEC measurements (not performed in this work).

A.3. Electrochemical characterization

A.3.1. Electrochemical work-stations

The electrochemical characterization presented in the thesis has been performed
using various electrochemical work-stations. Data in Chapter 1 and 2 have been
recorded using a Biologic SP-300 bipotentiostat, equipped with an additional
booster kit for high currents (10 A) and a board for EIS measurements (the FRA has
a frequency response in the range pHz-MHz).
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CA data of Chapter 2, when the electrochemical cell was coupled to a G.C. for
products analysis, have been acquired using a CHI 910B bipotentiostat.

All the electrochemical data presented in Chapter 3 were taken with a EG&G 263A
potentiostat coupled to a Solartron 1260 FRA. For the EQE measurements of the
same chapter a Merlin lock-in amplifier (Newport Oriel) have also been used.

A.3.2. Electrochemical cell

Experimental data presented in Chapter 1 have been carried out in custom-made
single chamber PTFE cells with a 6 mm diameter aperture. SPEs are placed at the
bottom of these cells in front of the aperture and tightened using connecting
screws. Glass cylinders and Teflon caps placed on top of the PTFE cell ensure a
proper gas-tightness. When GC electrodes are used, classic three electrode glass
cells are employed. The cells have three top ports to hold the electrodes and an
additional port for gas purging. The experiments reported in Chapter 2 have been
performed using the electrochemical cell described in section A.2.

The PEC characterization of Chapter 3 has been done in a single chamber 250 mL
glass electrochemical cell (Pine research instrumentation) with five 14/20 side
ports for additional electrodes and gas purging. The cell has also flat optical quartz
end faces to irradiate the W.E. with minimal absorption of the incident light (Fig.
A.4).

A.4. Experimental techniques

In this section is presented a brief overview of the SECM technique and of the PEC
instrumentation that have been used to obtain the results reported respectively in
Chapter 1 and Chapter 3.

A.4.1. Scanning Electrochemical Microscopy (SECM)

Scanning Electrochemical Microscopy is a scanning probe technique that employs
micro-nano electrode probes, which are moved in close proximity of a sample
surface recording an amperometric signal. The obtained electrochemical response
provides quantitative information of interfacial physic-chemical processes and may
depend on both the topography and the reactivity of the surface. Indeed, the SECM
response is sensitive to the conductivity of the samples and also to the presence of
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electroactive species. For these reasons, SECM is useful for the high-resolution
(um-nm length scale) imaging of heterogeneous and homogeneous reactions on
surfaces, in order to characterize them and to measure local kinetics.

Stepper motors &
3D piezo- posmoner
)
2. Piezo ‘ . WA
\\ & [— -)

Controller \

1. Bipotentiostat

Figure A.2: instrumental SECM setup, with highlighted the bipotentiostat and piezo-controller blocks.
The bipotentiostat can control two W.E. simultaneously, as requested for SG/TC measurements. The
piezo controller governs both the stepper motors for a coarse positioning of the probe, and also the
piezo-positioner for finer movements.

SECM probes, with a radius in the range of tens of nm to 25 um, can induce
chemical changes and collect electrochemical information while approaching or
scanning the substrate of interest. The probe is held by a support and can be moved
in the electrolytic solution using a 3D positioner. This consists of three stepper
motors for a coarse positioning of the tip (um range) and a XYZ piezoelectric block
for finer movements. This set up gives a spatial resolution of 1.6 nm and allows
maximum travelling distances in the order of few cm.

In Fig. A.2 are shown the various components of a typical SECM setup. Besides the
3D positioner, the potentiostatic unit usually consists of a bipotentiostat, so that
two W.E. can be biased simultaneously using the same R.E. and C.E. This is required
for several operational modes of the SECM technique, like the SG/TC mode
reported in Chapter 1, and briefly outlined in the section A.4.1.3.

A.4.1.1. Ultramicroelectrodes

One of the fundamental part of the SECM instrumentation is the probe, a
micrometric UME.B! As explained in Chapter 1, section 1.2.1.1, important features
of the UME geometry are the radius of the conductive core (a) and the total tip
radius (r), that accounts also for the thickness of the glass support. The RG ratio
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defines the ratio (r/a) and should be kept as small as possible to allow a closer
approach to the substrate surface.' The advantages of using UMEs reside in the
different diffusion regime that occurs on surfaces with micrometric lateral size.
With such micrometric electrodes, the diffusion of electroactive species towards
the surface is governed by a hemispherical diffusion rather than a planar diffusion
like in the case of macroelectrodes. This fact is strictly connected to the obtainment
of steady state currents in the typical conditions of CVs experiments (1 mM
concentrations and v = 10-100 mV/s.

The steady state current for oxidation/reduction of a redox mediator at an UME

disk electrode of radius a in the bulk of a solution (x = «) is expressed by Eq. A.9.
Ito=4nFc*Da Eg. A9

where D is the diffusion coefficient of the redox mediator, Fis the Faraday constant
and n is the number of the electrons transferred.

A.4.1.2. Feedback mode

In a feedback-mode experiment the UME tip is placed in a solution containing a
redox mediator and is moved vertically along the z-axis until it reaches the
proximity of the substrate. When the tip is far from the substrate, applying an
appropriate E, the mediator is oxidized (or reduced) and a stationary current is
generated (ir» , see Eq. A.9). By contrast, when approaching the surface, the
current at a given distance x (irx) changes to an extent that depends both on the
substrate characteristics (conducting or insulating) and on the distance with the
surface.

If the substrate is an insulating material the diffusion of the redox mediator at the
electrode surface is hindered and the current decreases with respect to ir«. The
closer the tip gets to the substrate, the smaller irx becomes. This phenomenon is
known as negative feedback (Fig. A.3b). By contrast, when the substrate is
electrically conductive the diffusion of the redox mediator to the probe is still
hindered by the substrate, but in this case a regeneration of the redox center at
the substrate occurs. This regenerated species diffuses to the approaching tip and
leads to an increase of current compared to iz, generating a positive feedback (Fig.
A.3a). The plot of the current dependence with distance is called approach curves
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and in Fig. A.3 are highlighted two representative examples of approaching curves

exhibiting positive and negative feedback.
a) 2.04.

Z-axis ‘ / .
| 154 . Positive Feedback
A .

R O '
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Figure A.3: a) probe-tip approaching a conductive substrate in the presence of a redox mediator. A
positive feedback of current occurs for the regeneration of the redox couple at the conductive surface.
b) Same situation as in a) but in the case of an insulating substrate. Since the mediator is not
regenerated approaching the substrate results in a negative feedback of current.

These plots are reported in a dimensionless form by plotting It = irx /it« versus L =
d/a. By fitting of the experimental current-distance curves with theoretical
equations it is possible to determine the distance scale L, which in turn allows to
know the effective distance between the tip and the surface (essential for any
guantitative SECM measurement). The fundamental analytical expressions for the
case of conducting (Eq. A.10a) and insulating (Eq. A.10b) substrates were
numerically calculated by Mirkin and Bard as a function of several RG values.?!

I (L) = llL =k, +%+ ks exp(k—z)

T 0

Eq. A.10a

IINS(L) — iL — 1
r i k, (k4) Eq. A.10b
’ k,+—+kyexp|—
L L

where L = d/a and kj, k, k3, and k; are geometrical parameters listed in Ref [5].
Fig. 1.8a in Chapter 1 refers to an approach curve relative to a MWCNTs@Pd/TiO-
substrate. The approach displays a positive feedback of current, confirming as

expected the conducting nature of the material. By fitting of the experimental data
with the appropriate version of Eq. 1.10a taken from ref. [5] for RG = 3.66 it was
possible to determine the exact position of the H,-probe tip. After that, the tip was
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then positioned at a controlled distance from the surface and finally SG/TC
experiments for F.E. quantification were performed.
A.4.1.3. Generation—Collection mode: SG/TC

SG/TC is one of the two generator-collector operational modes, the other one
being tip generation-substrate collection (TG/SC). In both cases two working
electrodes are needed. A species is electro-generated at one electrode and is
collected at the other one. Since two W.E. are used, a bipotentiostat is required to
control simultaneously the two electrode potentials.

In the specific case of SG/TC, a product (or more) is generated at the substrate
electrode, biased at Es,p, and collected at the tip-probe, biased at Exp. In this thesis
SG/TC was used to evaluate the F.E. for HER of the nanostructured catalyst
MWCNTs@Pd/TiO,. H, was generated on the MWCNTs@Pd/TiO; substrate via
HER, and collected at a Pt tip-probe via the opposite reaction, HOR. The procedure
assumes that the F.E. for HOR at the Pt-tip is unity (as widely accepted for HOR on
Pt surfaces).

The SG/TC mode is also very useful for monitoring corrosion, enzymatic reactions,
living cell methabolism and more in general, heterogeneous processes that occurs
at the substrate surface.

A.4.2. PEC instrumentation

The PEC characterization of STO-GaAs presented in Chapter 3 has been performed
with the cell described in section A.3.2 using a combination of techniques and
instrumentation that are not commonly used in “dark” electrochemical studies.

Fig. A.4 shows the optic table on which the measurements were performed,
together with the quartz cell described in section A.3.2. Behind the cell of Fig. A.4a
is highlighted the light source block, that encompasses a 300 W Xe lamp, a chopper
(activated during EQE measurements) and a Schottky glass filter, necessary to
reproduce the standard AM1.5g solar spectrum. These elements are coupled to a
monochromator, activated in EQE measurements to evaluate the wavelength-
dependence of the observed photocurrent (see Section 3.2.3). The
monochromator is otherwise bypassed when the standard AM1.5g illumination (CV
and CA experiments) is needed. The yellow arrows display the optic paths for the
two cases. When 1 sun illumination hits the W.E., the cell is placed in front of the
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light source. By contrast during EQE measurements the gratings inside the
monochromator deviate the light, that exits from the lateral side port and is
focused on the W.E by means of mirrors and lenses. In Fig. A.4a is also evidenced
the connection between the lock-in amplifier and the electrodes in the typical
setup used for EQE measurements (also visible in Fig. A.4b).

In EQE measurements the intensity of incident light is generally low, so as to
minimize thermal effects on the photocurrent and also possible
photodecomposition of the electrode. In the setup in use, the intensity of the 300
W Xe lamp is highly reduced inside the grating monochromator and the light reach
the W.E. surface with an intensity of ~1 mW/cm?. Since low light intensities hit the
W.E., the corresponding photocurrents are rather small and a connection with the
lock-in amplifier is therefore needed to enhance the sensitivity by many orders of
magnitude. In this way, the chopper highlighted in Fig. A.4a interrupts the light at
a certain frequency so that the lock-in amplifier can distinguish even very small
photocurrents from background (dark) currents.

The intensity of the light on the W.E. is calibrated for 1 sun measurements with a
c-Si PV reference cell (SI BK-7, PV measurements).

Figure A.4: a) picture of the optic table used for the characterization of STO-GaAs reported in Chapter
3. The various elements are highlighted. In this specific case, the cell is positioned so as to perform
EQE measurements in which the incident wavelength is selected by the grating monochromator. b)
picture of the electrochemical cell used for PEC characterization. The flat end faces are made of quartz
so that the W.E. (the one with the yellow cap in the picture) can be illuminated with no absorption of
incident light by the glass. The additional side ports allow to purge the solution with gases and also to
couple cell with a G.C. line for the online detection of evolved products (H; in this case).
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