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INTRODUCTION

Technological innovations are imperative for a sustainable development, for controlling the climate
change and for reducing the fossil fuel use. Renewable energy source (RES), like solar, wind,
geothermal and hydropower, are naturally originated, are clean and increasingly competitive energy.
They allow to reduce the carbon emission limiting the environmental pollution, and to guarantee
health security and cost-competitive with fossil fuels. Noteworthy progresses have been reached in
the sustainable energy field through the development of innovative photovoltaic cells, photothermal
receivers and wind turbines. However, sustainable technologies are closely correlated to the
capability of electrical energy storage (EES) needed to accumulate the generated electricity
especially for intermittent sources like photovoltaics. Highly efficient, reliable and secure EES
devices are needed to optimize the large-scale RES use. Secondary battery and supercapacitors
result promising EES systems as able to store electrical energy trough chemical reactions and
electrostatic fields, respectively. They are leading supply power source for portable electronic
market, as laptops, mobile phone and medical microelectronic devices. In contrast, several
drawbacks must be overcome to implement their application in electrical vehicles field. In this
regard, rechargeable lithium ion batteries play a key role respect to supercapacitors because they are
able to guarantee high energy density resulting well-suited for long-term energy storage and provide
a gradual voltage loss with a near-constant voltage output until spent whereas, the voltage output of
capacitors declines linearly with the charge. However, it is necessary to increase the power density,
the cycle stability life reducing charging time of lithium ion battery in order to reduce costs and to
guarantee high-capacity devices. The development of low-cost, ultra-lightweight and high-power
density lithium ion battery would be a remarkable breakthrough in modern electrochemistry. Thin
film lithium batteries represent an advanced solid-state EES architecture consisting of solid
electrolyte and active layers electrode deposited on specific substrate leading to multilayers cells.
Indeed, they are suitable to integration and miniaturization and to the realization of microdevices
enabling further cost reduction. Solid-state lithium ion battery guarantees also higher average
operating voltage (3.4 V), higher energy density for both electrodes (460 Wh / Kg), longer cycle life
(up to 10 years, compared to 2) than conventional lithium ion battery and wide working temperature
range (-20 -60 °C). By modulating the size of the electrode materials, their morphology and
5



composition it is possible to tune physical-chemical properties and to optimize the battery
performance. Electrode surface modification represents a crucial issue because allow to achieve
coating with functional featuring in order to guarantee more versatility and flexibility. Thanks to the
intrinsic security of solid-state battery, the cycling performance of anode are limited by oxidative

degradation and lithium dendrites growth on its surface.

Therefore, it would be needed to develop innovative hybrid materials for secondary Li batteries in
order to enable the implementation of high capacity negative electrodes in next generation energy
storage devices. Among all the possible proposed materials, silicon acts as “quasi-ideal” anode in
terms of theoretical capacity, closely to one of lithium metallic, and for the intrinsic low discharge
voltage. In addition, thanks to its low toxicity and its abundance in earth’s crust, silicon guarantees
high safety and low production costs. However, the large volume change due to insertion/extraction

of lithium ion represents a practical limit of any silicon anode.

The aim of this thesis is the development of new materials for lithium ions battery, using few
hundred nanometres in size and octahedrally shaped Silicon nanoparticles (Si-NPs) as active anode
materials. Si-NPs intrinsic or doped, were synthetized by plasma assisted chemical vapor deposition.
In order to obtain hybrid core-shell systems, Metal Organic Frameworks (MOFs) films were firstly
grown on Silicon-based and Copper surfaces to optimize heterogenous nucleation and were
assembled on octahedral Si-NPs then. The combination of the carbon porous framework of MOF
with the electronic properties of the Si nanoparticles, allow to reduce the capacity fade due to the

irreversible reactions and, therefore, enhance the electrochemical characteristics of the battery.

In summary, the Ph.D. thesis is organized as follows:

1. Anode materials for Rechargeable Lithium Ion Battery: it includes an introduction to lithium
ion battery technology focusing on intercalation materials proposed as anode in literature until
Silicon use. The advantages of Silicon nanostructures as active materials but their limits and the
possible technological solutions will be described. In addition, the insertion of dopants, like
phosphorous and boron, into Si lattice, will be introduce as a new and promising strategy
suitable to improve silicon conductive and to preserve anode integration. A short outlook
regarding the structural featuring and chemical-physical property of Metal Organic Frameworks

will be discussed with particular focus on Zeolitic Imidazolate (ZIF-8) and Carboxylate-based
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2.

3.

(Materials of Institute Lavoisier, MIL) frameworks topology. The importance of MOF films
design will be highlight in order to strengthen their integration in thin film lithium ion battery.
Direct Growth from solution of ZIF-8 films: it is structured in two parts concerning the
synthesis of ZIF-8 films through direct growth from solution on Si and Cu surfaces respectively.
A combined approach based on experimental data and theoretical model is reported to explain
the growth mechanism of ZIF-8 on Si-based substrates (Si, a-Si, quartz and SiO;) by analysing
the role of the solvent and the surface chemistry. For the films ZIF-8/Quartz is described the
post-doping with iodine (I) and para-quinone compound (tetracyanoquinodimethane, TCNQ) as
electron donor and acceptor respectively, proved mainly by optical analysis and electrically
tested by four-point probe resistivity measurements. The same synthesis method has been
employed to grown ZIF-8 film on Cu foils, a frequently used surface because as current collector
for anode. ZIF-8/Cu films have been doped with lithium acetate in order to investigate the
lithium ionic conduction inside films and the electrochemical performance through cyclic
voltammetry and galvanostatic measurements.

Direct Growth from solution of Fe-based MIL-frameworks: it reports different synthesis
strategies adopted to grow carboxylate-based MOF on a Si surface. It has been proved as
synthesis conditions drive the MIL heterogenous nucleation in terms of morphology,
crystallinity and film thickness. Fe-based MIL-101 and MIL-88 were obtained and chemical and
structural characterized. A simple two-step synthesis protocol, based on sol-gel process and post
direct growth, has been newly developed to growth a MIL composite on Cu foil consisted of
MIL-101 embedded in iron oxides/hydroxides matrix. The hybrid MOF-based composite
showed an unique, very attractive electrochemical behaviour.

Chemical Vapour Deposition of Silicon Nanoparticles: Octahedral Si-NPs, intrinsic and doped
were synthetized by means inductively coupled plasma chemical vapour deposition. The effect
of doping and of size on electrochemical performance were investigated through charge-
discharge voltage profile and capacities. Si-NPs were functionalized with ZIF-8 by adopting
different synthesis routes in order to optimize the coating in terms of composition, crystallinity

and shell porosity.



Chapter 1

1 Anode Materials for Rechargeable Lithium Ion Battery

Lithium ion batteries (LIBs) are leading power sources for portable electronic devices, like
laptops, mobile phone, digital cameras and medical microelectronic devices and are nowadays
preferred with respect to other widely used technologies based on Pb, Ni-Cd or NiMH.' LIBs offer
good safety performance and own large volumetric (250 — 670 Wh / L) and gravimetric (100 — 265
Wh / kg) energy density. Among all the alkali metals, Li is the lightest (d = 0.535 g/cm’), and one
of the most electropositive elements (E°= -3.4 V).* Therefore, LIBs provide high energy density
and it is possible to reach voltages up to 4 V compared with the typical voltage of Ni-Cd (1.2 V),
resulting a suitable material for high-power applications (Figure 1).> Moreover, LIBs do not suffer
from memory effect and they are characterized by a slow self-discharge rate (1.5 — 2 V per
month).* In addition, LIBs do not require particular manutention processes to keep cycle life and

moreover do not contain toxic elements.
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Figure 1: Diagram of specific and volumetric energy density of battery technologies in use (from

http.://www.cei.washington.edu/education/science-of-solar/battery-technology)
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Bulk size cylindric cells (the smallest is only Smm in diameter), like pouch or coin cell, are the
most common LIBs in use today, particularly for electronic portable devices. Lithium micro-
batteries are less frequently used, though ideal for microelectronic integrated circuits and
biological / medical devices (Figure 2) because their manufacturing results very difficult.” Size
reduction (until millimeter scale) and capacity improving are still a great technological challenge

and coin cells continue replacing micro-batteries in self-powered microelectronics.’

Lithium
Batteries

Microbattery

Reduced size

Figure 2: Lithium ion battery form cells and their applications.’

Innovative micro-sized pin-type batteries have been implemented by Panasonic in 2014. Though the
reduced sizes, their high specific capacity allowed to employ these ones in electronic pens, wearable
and medical devices.” However, micro-batteries cannot ensure rechargeability for the complexity
due to their intrinsic small scale. Technological improvements in terms of manufacturing and power
density are required to develop secondary micro-batteries and expand their use in functional

integrated systems.®

Lithium ion battery consists of composite electrodes and a liquid electrolyte. Decreasing the battery
size, the cell assembly results more problematic and the selection of electrode materials is crucial for
manufacturing processes.” The energy difference between the highest occupied (HOMO) and lowest
unoccupied molecular orbitals (LUMO) of the electrolyte, indicated as HOMO LUMO Egap, and
the electrochemical potential of the cathode pc and of the anode pa are key factors to address the

choice of the related materials.'® In order to avoid the reduction and the oxidation of electrolyte, pa

9



must be energetically lower than LUMO and p, must be energetically higher than HOMO, (Figure

3a). Similarly, the greater the difference between the electrodes electrochemical potentials (pa - pc )

the higher will be the lithium intercalation ability and the energy density.'"'?
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Figure 3: a) Energy diagram of electrochemical potential of electrodes and HOMO -LUMO Egap of
electrolyte in LIBs; b) Charge / discharge process in a typical secondary LIBs."”

In first generation LIBs, graphite was employed as anode and, intercalation materials, like oxides
indicated as LiMO, (M = Co, Mn, Ni or V) or a phosphate such as LiFePO4, were used as cathode.
" The electrolyte, which allows ions transport between the electrodes, is composed of a lithium salt,
usually LiPFg, chosen for its high ionic conductivity and electrochemical stability, in an aprotic
organic solvent (Propylene Carbonate, Ethylene Carbonate, Diethyl Carbonate), able to dissolve the
salt and conducting current by means of Li" ions."* The working mechanism of LIBs is based on the
extraction of Li ions from the cathode and their insertion into the anode during charging. The
process is reversed during discharging with Li ions being extracted from the anode and inserted into
the cathode (Figure 3b). The widely use of layered graphitic carbon was due to its long cycle
lifetime, abundance and low costs. However, it is characterized by a low theoretical capacity (372
mAh/g) that involves low energy density."> In addition, the repeated insertion and extraction of
lithium 1ons, defined as lithiation and de-lithiation processes respectively, cause graphite layers
exfoliation and lithium dendritic depositions resulting in short-circuits.'® In addition, irreversible
processes and anode cracking, which are due to the electrolyte decomposition at low potential (~100
mV), shapes a solid electrolyte interphase layer ( SEI ) close to the surface of the negative electrode.

7 Repeated decomposition of SEI is the main issue of LIBs because of leading to capacity fading.
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Safety battery and electrochemical performances have been improved by replacing graphite

intercalation compounds with alloy-type anodes.

1.1 Alloy Anode: Silicon “quasi” ideal anode

In order to extend LIB’s technology in electrical vehicles, several alloy-type anodes have been
proposed. Huggin and Besenhard proposed metal binary alloy (LixM) as negative electrode topology
for the first time.'®'” The metal not only is an electrochemical active element responsible of lithium
phase formation but represents also the host matrix that should bear the strain associated to the
lithium insertion. Alloy anodes guarantee relatively low cost, environmentally compatibility and
moreover high energy density. Respect to conversion type anode, like graphite, in which the
lithiation reaction involves the fully reduction of the active material, leading to an only possible
intercalate product (like LiCe); working alloy mechanism involves the formation of different

intermetallic LiM compound at specific potentials. *°

Pure elements like Si, Ge, P, Sn and Pb, metal hydrides and metal oxides have been proposed as
anode (Figure 4)2 Having low density and a stoichiometric ratio suitable to lithium accommodation
(providing more than an electron they guarantying the formation of different LiyM phases), they can
limit the capacity fade and overcome the limitations of traditional anode materials involving

enhanced safety, high-energy density and long cycle life.””
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Figure 4:Theoretical capacity of proposed anode for LIBs. *
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An ideal anode material should possess a high gravimetric and volumetric capacity, high
environmental compatibility, low toxicity and low cost. Metallic lithium presents a high specific
capacity (3862 mAh/g) but its practical use as electrode negative is limited by its high reactivity,
both in water and organic electrolyte, involving overheating and therefore compromising the cell
safety. In particular, the high reactivity of lithium accentuates the SEI instability with lithium

dendritic formation making its use technologically impossible.”

ELEMENT | GRAVIMETRIC | VOLUMETRIC COST TOXICITY SAFETY
CAPACITY CAPACITY
(mAh/g) (mAh/cm3)
Si 4200 2400 Low No High
C 372 890 Low No Low
Ge 1568 2300 High High High
Sn 990 2200 Low No High
P 2600 2250 Low High Low
Sh 660 1890 Low High Low
Pb 549 1790 Low High Low

Table 1: Characteristics of Li-alloy element.**

Among all Li-alloy element, Silicon acts as “quasi-ideal” anode because it possesses a high

gravimetric and volumetric capacity close to lithium metallic, high environmental compatibility, low

12



toxicity and low cost (Table 1). In addition, it is characterized by a low self-discharge voltage (0.2 V

/ Li") that guarantees a greater safety. **

However, high thermal and morphological stability are required to improve SEI stability and

guarantee a complete safety device.

1.1.1 Limits of Silicon Anode

Though Silicon represents the most promising alloy-type anode its practical implementation in LIBs

as electrode negative is strongly limited by the following issues:

a. Large volume variation (about 400 %) due to electrochemical lithiation;
b. Instability of SEI,

c. Low electronic conductivity (10> S cm™, 107 S cm™ after lithiation).

a) Figure 5 shows the Lithium — Silicon diagram phase at different temperatures (Figure 5a) and
the voltage profile concerning the first and second cycle and detected for crystalline silicon
anode (Figure.5b). Each Li-Si binary phase is associated to a defined temperature and
characterized by a distinct voltage plateau. At room temperature and for the first discharge a
long plateaus voltage is detected at 100 mV, due to the Si amorphization for the related lithium

allowing, and that disappears at second cycle (Figure 5b).****
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Figure 5:Phase Diagram of system Silicon Lihium (a); Voltage profile of Silicon anode for the first
charge/discharge cycle (b).**

As showed in the scheme 1, the first charge / discharge process involves Silicon crystalline-

amorphous change, called “two - phase region” and highlighted by two voltage plateaus. In detail,

the lithium allowing into crystalline Silicon (first discharge), involves the a-LixSi amorphous phase

formation (reaction 1) that changes in c-Li;sSis at around 60 mV (vs Li/Li") after insert the
g

maximum possible lithium amount (reaction 2). The charge is also characterized by a two-phase

region due to related de-allowing process and to the c-Li;sSiy and a-LicSi amorphous phases

(reaction 3) that it is changes into a-Si with the complete depletion of crystalline Silicon (reaction

4)'24,27
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Discharge
c-Si + xLi" + xe” — a-Li,Si (1)

a-Li Si + yLi" + ye~ — c-Liy-Si (2)

Charge

c-Liy5Si — a — LiSi + yLi"™ + ye™ (3)

a-Li Si — a-Si + xLi* + xe” (4)

a-Si + xLi" + xe” — a-1Li Si (5)

Scheme 1:Electrochemical lithiation /delithiation for silicon anode.”

During the second cycle only, amorphous silicon reacts with lithium through the reaction 5. The
consecutive allowing / de-allowing processes go on with the reactions 1-5 causing lattice expansion
and contraction resulting on a huge volume change of Silicon. The latter one causes the electrical
resistance increases and the capacity fade. In addition, the lithiation stress causes surface tensions
that propagate quickly toward internal matrix producing cracking until to anode disintegration,

(Figure 6-morphologic changes).”®

MORPHOLOGIC CHANGES

O 0 OE M2
2 2

SOLID ELECTROLYTE INTERFACE (SEI)

Li

Lit Lit "
Charge Discharge Charge & . Many cycles
ol @\ R s
\
S

Figure 6:Cracking and anode disintegration for Si bulk (morphologic change); instability of solid
electrolyte interface for Si particles (SEI).****
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b) In addition, the electrolyte decomposition during lithiation at low potential shape a thin SEI
layer close the anode surface. (Figure 6-SEI).*’ The contraction of particles causes a SEI layer
fragmentation leaving the particles surface exposed to electrolyte solution. The particle shrinks
and swelling processes continue with the charge / discharge cycles and the SEI thickness
increases, insulating electrically the particle and rising electrical resistance and compromising
cycling stability.**!

¢) In order to develop high-efficient silicon-based battery it is necessary to improve the Si
electrical conductivity. It is about 10 S cm™ and increase to 10* S cm™ after lithiation. In
addition, the lithium diffusion coefficient is rather low, with value between 10 and 10" em?s”

h limiting the rate performance of the Si anode. Hence, the poor electron transport and the short

lithium paths increase the battery impedance contributing further to failure mechanism of Si as

negative electrode.>

1.1.2 Solution: Si-based nanomaterials

A suitable solution to overcome the above-mentioned Silicon limits is the use of silicon
nanostructures rather than bulk. They offer a higher degree of freedom for the arrangement of the
ions, so they can tolerate plastically the stress associated to the lithiation / delithiation process,
promoting relaxation and avoiding the pulverization. Respect to a bulk material, the nanostructures
provide a greater surface to volume ratio, implicating a reduction of diffusion paths of lithium ions
improving kinetic characteristics and leading to a greater capacity density.*® It has been reported as
nanoparticles with size smaller than 150 nm, (critical size to lithiation process), are particularly
suitable to bear the stress due lithium allowing and de-allowing guarantying an efficient electrical

contact and, therefore a greater cycling reversibility (Figure 7).**

16



DC =~ 150 nm

Mo Fracture i Surface Cracking & Fracture

c 90 @R

Si LigSiy

Diameter

Figure 7:Suitable diameter of Si nanoparticles able to tolerate anode cracking.™

In addition, porous silicon nanoparticles result also promising as anode because they offer greater

surface area increasing the electrolyte diffusion, improving electrical conductivity and limiting

capacity loss.?

5

To date, in the literature, there are reported several examples of LIBs based on nanostructured

silicon anode (Scheme 2).*® In details:

a)

b)

0D-Si: Nano - sized Si nanoparticles, with diameter about 10 — 30 nm, and characterized by
internal holes have been proposed as practical solution to increase the surface area accessible
to electrolyte and to improve the lithium diffusion and the capacity retention. To preserve the
anode pulverization, core-shell structures based on Si-NPs core and carbon empty shell,
(named yolk shell Si-NPs) have been synthetized. The Carbon shell guarantees an
appropriate ductility needed to bear lithiation stress and to avoid the thermal drifts. The yolk
— shell Si-NPs topology have been obtained through magnesiothermic or aluminiothermic
reduction a chemical process that requires high temperatures and more deposition steps
during which the nanoparticles sizes cannot be control.’*%%4

1D-Si nanowires: Si NWs grown through bottom-up, more common, top-down method or
VLS techniques (like chemical vapor deposition “CVD”, Molecular Beam Epitaxy “MBE”
and atomic layer deposition “ALD”). By CVD method it is possible to control the Si NW’s
diameter, growth direction and length, however the process temperatures are very high
(about 800°C). By modulating synthesis processes, in particular through template presence
or acid additive, it is possible to tune the structural properties and therefore the
41,42,43 44

electrochemical lithiation.
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1D-Si nanotubes: proposed SiNTs; with carbon or Ge, SiOy; TiO;, and SnO; like coating

material, are characterized by higher energy density than other topology, like nanorods or

nanowires, thanks to empty internal canals that allow to bear the Si expansion. However, there

are few examples due to the difficulties to obtain them. SiNTs were synthetized mainly by

decomposition of silicon precursors embedded in aluminum oxide matrix.

¢)

d)

45,46,47,48

2D-Si thin film: deposited through CVD or physical techniques like PVD, evaporation,
pulsed laser deposition, electron-beam evaporation, DC or radio frequency magnetron
sputtering. Thin films were usually directly deposited on surfaces, like Cu, Ni, stainless, to
be integrated in cells. The advantages of thin films are the possibility to control the
composition and crystallinity of films, and the insertion of dopants to modulate the electrical
properties of silicon. However, the cost of Si thin film manufacturing is still very high and
the instability of SEI compromises the electrochemical performance of these Si thin film
anodeg 49:30:51.52
Porous Si nanoparticles: this topology results particularly attractive thanks to the buffer
effect of the nanoparticles that allows to limit the large volume change of silicon. More
promising are porous Si nanostructures coated with carbon framework or embedded in
carbon or graphene matrix. The combination of porous nanoparticles, with the flexibility and
the conductivity of the carbon matrix, ensures to overcome the large volume variation and
the poor electron conductivity of silicon. Porous Si particles have been synthetized mainly
via self-assembly approach or by decomposition of Si precursors based on Si / polymer

. 4
comp051te.53’5 »55,56
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Scheme 2:Si Nanostructures (Si-NPs) examples: yolk -shell Si-NPs (a), Si nanowires Si NWs and Si
nanotubes Si NTs (b), Si thin film (c), 3D porous Si nanoparticles (d).”

1.1.3 Doped Si Nanostructures

Silicon doping could be an efficient strategy to overcome Si insulating/semiconductor properties. It
is known that the insertion of impurities like phosphorous (P), boron (B), copper (Cu), aluminum

(Al), arsenic (As) in the Si lattice allows to insert donor or acceptor levels in Silicon Egap.57

Thanks to the high thermal stability and the excellent mechanical properties of Cu, like hardness,
strength and ductility, Cu doped Si films with thickness about 10 pm were employed as active
electrode film composite. Particularly Cu-doped Si films show a morphology stability and anode
integration after 300 cycles guarantying good cycling performances, in terms of long cycle life,

capacity retention (93.8 % after 100 cycles) and Columbic efficiency (~ 80%).®

Al-doped Si nanowires were tested as negative electrodes for Mg, Na ion batteries. Through DFT
calculations, the energy insertion of Mg, Na, Li ions into Al-doped Si nanowires were obtained. It
was proved that high Al concentrations thermodynamically favor the Mg and Na insertion. In
addition, the Al doping allows to reduce the Li defect formation energy with respect to the Li energy
cohesive. However, Al-doped Si nanowires show a similar behavior to undoped Si, involving very
high energy barrier for Li (0.57 and 0.70 eV), Na (1.07-1.19 eV) and Mg (0.97-1.18 eV) ion
diffusion.”

McSweeney et al. through a combined approach based on electrochemical and structural

characterization of doped Si electrodes studied how the electronic density of surface region
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influences the crystalline — amorphous changes and therefore the lithiation/de-lithiation processes.
In particular, the electrochemical Li loading at Si (100) surface region was investigated for n-type
and p-type Si electrodes, achieved through As and B doping respectively. It has been proved as B-
doped Si (100) reaches higher Coulombic efficiency over the 25 cycles, (~95%) than highly P-doped
Si electrode. The poor capacity retention of P-doped is due to the surface cracking for the formation
of silicide lithium alloy. The high morphology stability of B-doped Si (100) allows to bear the

lithiation stress and to preserve a polycrystalline structure until 5 cycles.®

Computational studies have been carried out to elucidate the effect of dopant type on lithium
insertion energy by considering the Lithium insertion Energy into Si lattice (Einsert).5 7 Long et al.
reported positive Einsere for P-doping whereas negative for B-doping proving as the lithium insertion
in P-doped Si is energetically unfavourable.®’ However, it has been proved as low P dopant levels
(124 ppm) can influence positively the cycling stability of negative electrode. Despite P
concentrations above 120 ppm increase electrical Si conductivity, they do not guarantee greater
Coulombic efficiency and good capacity retention.”” There are not many examples of doped Si as
anode for LIBs and the relationship between dopant type and level with their electrochemical

performance is not totally clear.

However, it turns out that the increase of electronic conductivity due the dopant insertion doesn't
particularly influence the electrochemical performances instead the amorphous phase formation due
lithiation process, like B4Lis, LisP or P,Os limits anode disintegration leading to better rate

capability and cycling stability.***%*

1.2 Metal Organic Frameworks for Lithium Ion Battery

Metal Organic Frameworks (MOF) have become recently interesting for energy storage
application, like fuel cells, Li or Na ion batteries and supercapacitors.” These peculiar hybrid
materials are crystalline complexes, similar to coordination polymers shaped from inorganic cations

or clusters and organic linkers (Figure 8).°%
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Figure 8:Graphical representation of MOFs. *°

They are characterized by a high porosity, large surface area and low density and offer high
thermal and chemical stability.” The electronic configuration of transition metals and the steric
encumbrance of organic moieties affect the MOF coordination geometry and the crystalline
structure. Indeed, MOFs present dynamic structure with tunable pore size. ®® Flexible ligands as
imidazole and aromatic carboxylic acid, and d-transition metals; like Zn, Mn, Co, Fe, Ni; are the
most common organic and inorganic precursors used.” MOFs’ porous structure, their chemical-
physical properties and, in particular, their adsorption/transport capability can be varied by tuning
the nature of their building blocks (metallic centres and organic ligands) and by inserting functional

groups or specific guests inside the porous structure through in situ or post-synthetic routes.’®”"

MOFs have been employed for application in LIBs both as precursors for mesoporous composite
electrodes and as hybrid solid electrolyte for Li ion transport.”>’® Fe-based MIL-53 obtained with
amino-terephthalic acid as starting organic precursor, Cu-TCA (H;TCA: tri-caboxy-triphenylamine),
ternary MOF  based on LiBTC (BTC: trimesic acid) and Cu-TCNQ (TCNQ:

tetracyanoquinodimethane) are the more common MOF cathode developed for LIBs.”*7>7%""

Several examples of MOF-based anodes have been synthetized mainly using imidazole and
carboxylates as organic linkers. Particularly, Co-TFBTC (TFBTC: 2,3,5,6-tetrafluoroterephtalic
acid), Zn(abIM) (abIM: 2-aminobenzimidazole), and Mn-BTC (BTC: trimesic acid) have been
proposed as negative electrode.” ™ They show theoretical capacity between 230 — 1080 mAh/g
guarantying a high energy density. In order to strengthen the application of MOFs as anodes,

conjugated carbonyl groups [R-(C=0)-R'] and quinone acceptor complexes have been employed as
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organic moieties.®' Their high redox potential and high oxidative ability, involving multi electron
transfer reversible reactions, improve their capacity retention. However, the MOFs’ instability due
to the huge volume variation and to the large voltage hysteresis, requires the use of carbon matrices,
polymer additives or the insertion of additional redox active centres and anion radicals, in order to
develop MOF-based composites capable of promoting the Li-M alloy formation and preventing the
anode pulverization. An attractive class of MOF-based composites consisting of metal oxides or
hydroxide embedded in carbon matrix were recently obtained after pyrolysis process using MOFs as
template or precursors.*>* The MOFs’ annealing was employed to produce carbon porous coating
of silicon or TiO, nanoparticles because the high temperatures cause network collapse which leads
to a carbon framework with metallic centres scattered inside it.***> However, it would be important
to implement a new strategy of synthesis able to achieve MOF-based systems which guarantee the

same electrochemical performances of metallic oxides without using the MOFs pyrolysis.

Furthermore, in order to reduce weight cells and to increase the safety of the solid-state battery

MOFs have been proposed as alternative to liquid electrolyte.

The intrinsic MOF structure acts as efficient host for /ithium ionic /iquids (LIL) since it guarantees a
porous network inside which the lithium ions are free to move. Recently Zhu et al. reported a novel
modifier for solid polymeric electrolytes which consists of an Al-based MOF (MIL-53) used as filler
for thin films of polyethylene oxide.*® In addition, Mg-based MOFs like Mg»(2,5-dioxidobenzene-
1,4-dicarboxylate), and Zn-based imidazolate MOFs, were used as host materials for Lithium ion-
doped ionic liquid (IL).**** IL consists of a mixture of 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide(EMI-TFSA) with lithium salts, like lithium
bis(trifluoromethanesulfonyl)amide (LiTFSA), or lithium isopropoxide (LiOiPr) or Lithium
tetrafluoroborate(LiBF3), in order to induce lithium conductivity inside MOF cavities.” The good
transport properties of the reported composites were attributed to the Lewis acid behaviour of the
MOF surface which promotes the Li salt dissociation increasing therefore, the ionic conductivity. In
addition, the MOF nanoparticles acting as crossing-linking centres for PEO produce a robust

network that guarantees a good thermal stability and an excellent mechanical robustness.
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1.2.1 MOF Films: Synthetic Methods

There are several examples of MOF powders in literature, due to the possibility to modulate MOFs
assembly and crystalline structure in function of organic and inorganic precursors choice.” The
MOF powders’ synthetic methods are mainly based on solvothermal or hydrothermal routes, and on

microwave - assisted, mechanochemical and sonochemical protocols. The synthesis’ conditions

affect the structural and chemical-physical properties of MOFs allowing to select specific
91,92

application field (Scheme 3).

Scheme 3:Correlation between main synthetic route of MOF powders, their structural properties
and possible applications.”

These synthetic routes are not suitable for film growth because of film cracks and therefore, do not
guarantee a homogenous coating. In addition, mechanochemical and sono-chemical methods,
involving grinding and ultrasound techniques, generate intrinsic defects compromising the film

structure and morphology.”***

In order to optimize heterogenous nucleation and the layer adhesion,
layer-by-layer depositions, liquid-phase epitaxy and rapid thermal depositions ensure thickness
control and film homogeneity.””*"’ Silicon, quartz, gold surfaces have been pre-functionalized with
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Self Assembled Monolayers (SAMs) to drive the chemistry interaction between surface terminations
and MOFs precursors.”*” SAMs pre-functionalization represents the main synthetic via to obtain
surface-anchored MOFs. The surface modification allows to modify its hydrophilicity-
hydrophobicity behaviour optimizing covalent anchoring and driving the MOF growth. Surfaces
have been functionalized with OH-, NH, or COOH-terminated SAMs to achieved highly oriented
MOFs film like Zn and Cu-based MOFs. **!'%%!%! Another possible strategy to growth MOFs is the
pre-deposition trough CVD or ALD techniques of the inorganic precursors. ZIF-8 films were grown
on CVD pre-deposited with a ZnO layer that generates Zn>" surface centres and activates the MOF

nucleation.'® Therefore, it is needed to implement facile and fast syntheses to obtain a continuous

and thickness-controlled coating on determinate surfaces, like Cu or Al, common collectors used in
103

LIBs, silicon or metallic lithium. (Scheme 4).

Self-assembly of Self-assembly of
MOF in solution MOF on a surface
- -

Scheme 4:MOFs’ Homogenous and Heterogenous nucleation with direct growth of film."”

So doing, by depositing MOF films onto an appropriate substrate it is possible to achieve integrated
devices suitable for sensors, electronic and storage applications and, in addition, to rationalize the

design of multi-layers system with functional chemical physical properties.
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1.2.2 Zeolitic Imidazolate Frameworks (ZIF-8)

Zeolitic Imidazolate Frameworks are the most well-known MOFs subclass consisted of tetrahedrally
coordinated transition metal, like Zn2+, Co*" and 2-methylimidazole, used as organic linker. They
are characterized by aluminosilicate structure with M-Im-M (M: Co or Zn and Im: ditopic or
functionalized imidazolate) bridges with bond angles of 145 © similar to that one of T-O-T (T: Si,
Al, P) building units of zeolitic.'*'%> Zeolitic Imidazole Frameworks is a versatile MOF family
because changing the metal transition cation and/or functionalizing imidazole moieties over 100
ZIFs networks have been achieved today.106 ZIF-8 (CgH9N4Zn) results in ZnNy clusters organized
in sodalite structure with 8 hexagonal and 6 square windows (Figure 9).'"’ It has a cubic space group
I4;m, with lattice parameter of 16.32 A, characterized by a six-membered ring of 3.4 A inscribed in

a large aperture of 11.6 A.'*

Figure 9: ZIF-8 with sodalite-like structure (from “a big family of MOFs Zeolitic imidazolate
frameworks”).

For its permanent porosity and its super-hydrophobic surface ZIF-8 has been applied as sponge-like
material for gas separation and adsorption.'”®'” In particular, its pore sizes result suitable for CO,
and CH4 storage but also for the adsorption of ethanol, acetone and several Volatile Organic

Compounds like toluene.''''""'> Adsorption properties have been investigated analysing the host-
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guest interaction in the post synthesis insertion and the effect of temperature and pressure on

structural changes and gas permeability have been also studied.'"

ZIF-8 being a sturdily built material, guarantee a high thermal stability, above to 500° C, although it
has a very low stability under pressure. It has good chemical stability in acid and basic solutions. For
this reason, ZIF-8 have been employed as heterogeneous catalyst for Knoevenagel condensation/

L . . . 114,115
oxidation reactions or Friedel-Crafts acylation.” ™

ZIF-8 synthesis results quite simply with respect to other MOFs and several examples of ZIF-8
powders have been obtained with solvothermal method. Synthesis’ parameters like inorganic
precursor, solvent, additive presence and reaction times influence the morphology, crystallinity and
cavity sizes.'9>!"®!"718 1t has been proved that the imidazole deprotonation is the key step of ZIF-8
formation and the basicity of the solvent or of possible additives in solution play a crucial role in the
reaction kinetics and crystallization rate.''’ Particularly interesting is the development of ZIF-8 films
or membranes to carry out porous coating with large surface area and therefore, to assembly ZIF-8
in integrated micro-electronic devices to obtain ZIF-8-coated electrode. Electrochemical,
lithographic, and atomic layer depositions have been adopted as synthetic routes to obtain ZIF-8

120,121,122
films, 120121

However, ALD techniques involve high temperatures and, electrochemical methods
result complex due to the required several process steps and post-synthetic treatments. For this
reason, direct growth of ZIF-8 from solution on pre- or not functionalized surface have been
implemented in order to guarantee facile, fast and low-cost protocols. In particular, layer by layer
deposition (LBL) and sequential one pot methods (SOP) consisting of dipping the substrate into
separated or mixed solution of precursors respectively, can be used to optimize the growth of
homogenous ZIF-8 film promoting heterogenous nucleation and can guarantee an accurate thickness
control through cycle processes (Scheme 5).”%'**!"* Sj0,, glass, Cu, ALOs, were functionalized with
ZIF-8 films in order to increase their surface area improving photocatalytic or sensing

. e 117,124,125
activity. 77
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ZIF-8 Film

Scheme 5: Scheme of SOP synthesis of ZIF-8 film.

1.2.3 Materials of Institute Lavoisier (MIL)

Carboxylate-based MOFs result attractive materials due to their open flexible frameworks. The
combination of trivalent metal centres (such as vanadium, chromium, iron, aluminium, gallium,
indium, ruthenium and manganese) with carboxylate ligands results in MIL (Material of Institute
Lavoisier) architectures, which are more complex than the zeolitic structure and different for surface

126

area and cavity size. ©° MILs are characterized by an excellent thermal and chemical stability and

present a flexible tunable structure too.'”’

They offer a dynamic response toward external stimuli
(solvent, gas adsorption, light and electrical field) in terms of shape, pore size and structural
evolution. MIL-type topologies like MIL-53, MIL-68, MIL-100, MIL-47, MIL-101 and MIL-88

have been shaped from carboxylate bridge and mainly Cr’* or AI’", less from Fe’* centres.'**'*’ F

e-
based MOFs represent promising materials for environmental pollution since iron is an earth-
abundant and environmentally friendly metal. Fe-MILs can be obtained through a low-cost synthesis
and thanks to the presence of Fe-O clusters guarantees an intense visible absorption, particularly
desirable in photocatalysis field. Fe-based MILs can be employed in energy storage field too."**"!
Thanks to its intrinsic porosity, thermal stability and redox-active organic-inorganic sites, Fe-MIL-
101 results a promising electrode material, whose electrochemical performances are strongly
dependent on the synthetic conditions and on the coupling with carbon and/or adhesive

materials.**'*® In addition, Fe-based MIL, such as Fe-MIL-88, are often used as template to achieve
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iron oxide, widely proposed as anode of sodium and lithium ion batteries.**'**> Among all MIL
topology, MIL-101 and MIL-88 are framework isomers shaped from the same precursors but with
different connectivity. MIL-101 is a cubic Fd3m system characterized by a three-dimensional super-
tetrahedra (ST) structure, shaped from inorganic trimers and 1,4-benezene dicarboxylates, results in
a mesoporous network with large cell volume (702 000 A*) and hexagonal windows of 16 and 34 A,

accessible through pentagonal aperture of 12 and 16 A respectively (Figure10)."* %

{M,O(H,0),X(0,CR,)
M=Ct. X=F or NO,
M=Fe: X=Cl

supertetrahedron
@ 0.8nm

Figure 10: MIL-101 structure.”’

MIL-88 network built up from trimers of M3;O octahedra connected by 1,4-benzene dicarboxylate
anions (MIL-88-B) arranged in acs-net (aligned corner sharing) is a hexagonal P63mmc system
featured of 1D microporous tunnels connected by bipyramidal cages with unit cell volume of 1153

A’ (Figure 11).13%1%
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138

Figure 11:MIL-88 structure along a (a) and c axis (b).

MIL-88 and MIL-101 are polymorphs in equilibrium whereby the rigid MIL-101 structure forms
faster and represents the kinetic isomer whereas the flexible MIL-88 topology is more stable and
favoured under thermodynamic control."*® The polymorphic phase transitions affect the structure-
property relationship since a specific connectivity involves characteristic physical properties. The
stereoselectivity is strongly influenced by synthesis conditions and the formation of MIL-88 or MIL-
101 can be achieved by modulating temperature, reaction time and pH. In addition, the choice of
solvent, the presence of additives in the reaction media and the concentration of metal precursors
represent other parameters which affect the phase formation. It has been proved that the reaction
time involves structural evolution and the addition of acid additives, like HCI or glacial acetic acid
drives the deprotonation of carboxylic linkers by controlling the crystal sizes and the
crystallinity.'**'*"'*? Structural and chemical-physical properties of MIL-101 can be influenced by
the presence of amino-functionalization. The amino group, that can be also introduced into MIL
network through post-synthetic modifications, can act as active interaction site and can significantly
affect the host-guest chemistry, which is a point of great importance in research areas such as gas

.. . 14
recognition and catalysis.'*’

Several examples of amino-functionalized MIL-101 and MIL-88 (Fe-based) crystals have been
obtained through microwave-assisted and solvothermal route in presence of polymer and/or
stabilizing agents and through hydro-thermal synthesis using long reaction times (12-24 hours). On
the other hand, there are few examples of MIL films, carried out through coating techniques like

Langmuir Blodgett and spin-coating which are usually polymer-assisted to optimize the surface
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adhesion. Thin films of MIL-88 and MIL-101 have been recently synthetized on self - assembled
monolayer of 16-mercaptohexadecanoic acid on Au surface by direct growth from solution. Though
the SAMs surface modification allowed to obtain oriented MIL film, more reaction steps and very
long immersion time were needed (from 4 to 11 days).'*#*>146147190 MOF films represent
interesting coating materials since with their complex intrinsic structure allow to develop integrated
multilayers devices with tunable properties. Therefore, it would be necessary the implementation of
new synthetic routes which through fast and facile protocols lead to MIL layers with specific

morphology and featuring.
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Chapter 2

2 Direct Growth from Solution of ZIF-8 Films

ZIF-8 films have been directly grown from solution on Cu foils and Si-based surfaces. The synthetic
route, feasible at room temperature and without organic or polymer additive, is based on the
Sequential One-Pot protocol (SOP) that consists in cyclic processes during which the substrate was
firstly dipped into mix solution of two precursors and then rinsed in the reaction solvent. Alcoholic
solution of Zinc Nitrate and 2-methylimidazole were used as inorganic and organic precursors,
respectively. By changing the number of cycles and the solvent, i.e. carrying out ten and five cycles
in methanol and ethanol respectively, it has been possible to control the layer thickness and over all
to investigate the solvent’s effect on the ZIF-8 growth rate. Slowing down the homogenous and
heterogenous nucleation by modulating the synthesis conditions it has been possible to investigate
how the surface groups control the ZIF-8 film deposition. In particular, amorphous silicon (a-Si), H-
terminated Si (100), SiO, and quartz have been employed to study the effect of the surface
chemistry on ZIF-8 nucleation and growth. a-Si was deposited through low-temperature (50° C)
CVD assisted by plasma inductively coupled (ICP-CVD). A combined approach based on
experimental and theoretical data has given a coherent explanation of ZIF-8 film formation

mechanism.

ZIF-8 films grown on quartz surfaces were also used as host materials to trap donor-acceptor
electron pair complex like iodine (I;) and tetracyanoquinodimethane (TCNQ). The ZIF-8 stability
towards solvents with different polarity was tested in order to choose the specific doping strategies,
based on post and in situ synthesis protocols. Chemical composition analysis and optical
characterizations proved the effective I, and TCNQ doping. The insulating quartz substrate was
chosen to investigate the response behaviour in terms of electrical resistivity of ZIF-8 films to

dopants insertion.
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The above-mentioned SOP synthesis protocol has allowed to easily grow ZIF-8 films also on copper
foils, a traditional collector for anodes in lithium ion batteries. The high basicity of Cu surface
involves fast homogeneous and heterogenous nucleation leading to thick and poorly crystalline ZIF-
8 films. ZIF-8/Cu films doped with lithium acetate were also prepared to evaluate post synthetic

doping.

The change in chemical composition of ZIF-8/Cu films after Li" doping was studied by FTIR

spectroscopy.

Through the assembly of Li" doped ZIF-8/Cu and undoped ZIF-8/Cu in lithium ion cells and their
electrochemical characterization, like voltammetry cyclic and galvanostatic measurements, it has
been investigated how the lithium doping can influence the charge/discharge profile of lithium ion
cells. ZIF-8/Cu electrodes result electrochemical active and show intrinsic, partial, reversible charge

transfer process respect to Cu foils.

2.1 Synthesis of ZIF-8 films on Si-based surfaces

The challenge of this work is the development of new synthetic approaches for ZIF-8 film
fabrication based on scalable and reproducible processes near room temperature, avoiding waste of
chemical products in order to reduce environmental impact. To this scope, the key factors which
drive the heterogeneous nucleation and growth of ZIF-8 films were studied. Several studies focused
on the mechanisms of the homogeneous nucleation of ZIF-8 crystals formation. It has been widely
reported that the choice of the solvent, the precursors type and their concentrations strongly affect
the MOF formation in solution. ZIF-8 has been obtained through several synthetic methods using
aprotic and/or protic solvents, like water, alcohol and amines involving specific mechanism and
reaction times. The key step of ZIF-8 formation is the imidazole deprotonation either as isolate
molecule or as Zn-imidazole complex. It has been proved as polar solvents and basic additives like,
sodium formate or n-butylamine, facilitate the deprotonation reaction, speeding up the clusters
formation and crystals growth. However, the dependence of heterogeneous growth on the surface
chemistry is still unclear, and, further studies are required to better optimize the ZIF-8 films

formation.
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Here, the role of the surface chemistry and the solvent on the ZIF-8 growth have been studied by
employing a variety of Si-based substrates, e.g H-terminated Si, quartz, native SiO, and, in
particular, a-Si, with the aim of developing efficient and facile synthetic routes. Film preparation
was carried out at room temperature using a mixed Zn nitrate and imidazole solution in MeOH or
EtOH. Structural and morphological characterizations and chemical composition analysis proved
that using MeOH, nucleation occurred both in solution and on the surface leading to ZIF-8 powders
and homogenous films denser than those obtained from ethanol solution. In particular, continuous
ZIF-8 films were obtained on a-Si and H-terminated Si (100). On the other hand, the ZIF-8 coating
was less homogeneous on quartz, whereas, on SiO,, negligible coatings were formed. The fast
homogeonous nucleation in methanol solution does not allow to detect the influence of surface
chemistry on ZIF-8 growth. By employing ethanol and decreasing the reaction cycles, growth rate
decreases involving negligible crystal formation in solution and thinner films, compared to the ones
achieved from MeOH. Slower growth rates have been intentionally used in order to distinguish the
four surfaces and to understand how experimentally optimize ZIF-8 growth. These differences have
been related to the silanol density of the surfaces and to the Lewis basic strength which affect

imidazole moiety deprotonation.
The advantages of this study are:

» The formation of a new bilayer ZIF-8/a-Si, never realized in the literature before,
considerably empowering the applications of ZIF-8 also to rough surfaces, like copper foils
or aluminum, that can be easily covered by a-Si. Thanks to its cost-effectiveness and
compatibility with several materials, ZIF-8/a-Si1 is a highly promising system for the
integration a large variety of devices (electrochemical, photovoltaic and photo-
electrochemical, water splitting sensor);

» a coherent and experimentally validated model based on DFT calculations that describes the
ZIF-8 growth onto Si-based surfaces as a function of silanols density gives a clear
explanation of the effect of surfaces and solvents allowing to optimize the heterogeneous
growth of ZIF-8 films;

» the determination by a fast, non-destructive and non-contact optical technique important
parameters, like growth rate and film density; these results are crucial to optimize the

synthetics protocol in order to obtain a continuous growth.
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2.1.1 Experimental Section

Thin film substrate preparation. Amorphous Si (a-Si) was deposited using an inductive-coupled
plasma chemical vapour deposition reactor (ICP-CVD) near room temperature (50°C) at low

pressure (20 mTorr) and a power 500 W using a mixture of Ar (1sccm) and SiH, (30sccm).'*%'%

Bulk substrates. native SiO; grown on Cz-Si(100) and quartz were used as received; in contrast
H-terminated Cz-Si(100) was obtained by Cz-Si dipping in HF (1%) for 90s in order to remove the
native Si0,. The substrate was then washed quickly in deionized water, dried under N, flow and

immediately introduced in the reaction solution for ZIF-8 film growth.

ZIF-8 films growth. Two solutions of 250 ml of Zn(NOs3); (12,5 mM) and 250 ml of Hmelm (25
mM) have been prepared using either MeOH or EtOH as solvent. During each cycle, the substrates
were dipped in a mix solution consisted of 10 ml Zn(NOs3), (12,5 mM) and 10 ml Hmelm (25 mM)
for 30 minutes at room temperature and without stirring. '>° Subsequently the samples were rinsed in
the reaction solvent (MeOH or EtOH) and, finally dried under N, flow. From one to ten cycles were

performed in MeOH or EtOH, respectively.

ZIF-8 films characterizations. Ellipsometric measurements were performed using a VASE
instrument (J.A. Woollam) which is especially suited for transparent samples like glass and quartz in
order to measure on the same position ellipsometric and transmittance data thanks to a vertical $-29
configuration. Optical spectra were recorded from 300 nm to 2100 nm at 55°, 60° and 65° incident
angle values near the Brewster angle of the transparent substrate. The optical model was built for
each layer constituting the sample. The layer thickness was initially evaluated by a simple Cauchy
model assuming k=0 in the infrared spectral region. The complete ZIF-8 layer optical constant were
modelled by using two gaussian oscillators. Special care was taken to evaluate the optical constants
for the quartz substrate taking into account backside reflection and un-polarized light. Data fitting
has been obtained through the whole range of measurements (300-2100 nm) including direct

transmittance data for better estimation of layer thickness.

XPS spectra were run with a PHI 5600 multi-technique ESCA-Auger spectrometer equipped with
a monochromatic Al Ka X-ray source. Analyses were carried out with a photo-electron angle of 45°

(relative to the sample surface) with an acceptance angle of + 7°. The XPS binding energy (BE)
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scale was calibrated by centring the C 1s peak due to hydrocarbon moieties and “adventitious”
carbon at 285.0 eV. XPS atomic concentration was evaluated by estimating the integrated area of
Cls, Ols, Si 2p, Zn 3p and Nls peaks corrected for the corresponding relative atomic sensitivity
factor (S;) based on empirical data reported by Wagner and corrected for the transmission function
of the spectrometer.-Sensitivity factor for Zn 2ps, was empirically determined from ZIF-8 powders.

Note that atomic concentration of Zn has been estimated averaging Zn 3p and Zn 2ps,, signals.

X-ray diffraction (XRD) patterns were collected with a D8 Discover (Bruker AXS)
diffractometer equipped with a high-precision goniometer (0.0001°), a thin-film attachment (long
soller slits) and a Cu-Ka source. The acquisitions were done in grazing incidence geometry with
incident angle of 0.4°. This corresponds to a penetration depth of approximately 50 nm. The

acquisition time was the same for all the diffraction patterns.

Field emission scanning electron microscope (Zeiss Supra35 FE-SEM) equipped with EDX

microanalysis system (Oxford Instruments, X-MAX, 80 mm?) was used to observe morphology.

Computational Details. DFT-based simulations were performed with the CP2K/Quickstep
package, using a hybrid Gaussian and plane wave method."”!' A double quality DZVP Gaussian basis
set was employed for all atoms. The Goedecker-Teter-Hutter'** pseudopotentials together with a 400
Ry plane wave cutoft were used to expand the densities obtained with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation density functional.'>® A surface dipole correction was employed along

the z axis to avoid unrealistic dipole interactions among the slabs.'>*

Molecular graphics were
produced by the CHEMCRAFT graphical package.'> Solvent effects were taken into account for
the proton release process of the imidazole molecule by using the self-consistent continuum
solvation (SCCS) model of Andreussi et al."*® the Zn*" coordinated imidazole have been modelled
using two methyl groups and two imidazole groups with a tetrahedral environment around the Zn
center. In order to model surface structures, bulk Si and quartz cell were optimized. On the
optimized bulk cells, the 100 plane has been cut for both Si and SiO,. A seven-layer slab was built

using a 20 A vacuum region between slabs. The coordinates of the deepest layer were fixed to model

bulk constrains.
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2.1.2 Results and Discussions

A coherent model of heterogenous nucleation of ZIF-8 film on Si-based substrates was
developed experimentally by changing the solvent, methanol or ethanol, and carrying out single
and cyclic processes. As below reported the role of the solvent on the growth of ZIF-8 film was
investigated through optical, morphological and structural characterizations while the role of the
surface chemistry through qualitative and quantitative XPS analysis. In addition, a theoretical
model based on DFT calculations of the ZIF-8 growth onto Si surfaces explained the

relationship between the surface reactivity and silanols density.

e FEllipsometric Spectroscopy

In order to investigate the role of the solvent on nucleation and film growth, ZIF-8 layers were
grown on quartz and glass as substrates and using both methanol and ethanol. In addition, SOP cycle
and 1-step processes have been carried out to study the influence of the synthesis via on ZIF-8
growth rate. Kinetic data and optical properties of ZIF-8 layers have been acquired through
ellipsometric measurements, for the first time. Figure 12a, shows the ZIF-8 growth rates as function
of the time for 1-step and cyclic processes of 30 min each, plotted as blue and green curves for the
synthesis in ethanol and methanol respectively. As reported, 1 step-process does not guarantee a
constant growth rate and cyclic process is necessary to obtain a uniformly thick ZIF-8 layer. In
addition, MeOH solvent involves a faster growth rate compared to ethanol. The refractive index
measured with the Cauchy formula between 1 and 2eV where it is constant, increases and tends to
saturate above 200 min cumulative process in both solvents but it is higher in MeOH proving as the

film is thicker than the EtOH film.
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Figure 12: Growth rate (a) and refractive index (b) as function of time of ZIF-8 layers grown in
MeOH and EtOH."*

The refractive index values reported in Figure 12b, are low with respect to other materials (e.g. n
(S10;) =1.47) due to the MOF porous and empty structure. Furthermore, ZIF-8 film obtained from
methanol solution presents a higher refractive index over the whole investigated range (from
infrared to the deep UV) compared to that one concerning synthesis in EtOH. This can be attributed
to the formation of a denser layer using MeOH, (being on purpose the thickness of 60 nm in both

cases).

A quartz substrate able to guarantees an optimal (>95%) transmission of light in the whole range
was used as surface to grow ZIF-8 film by 10 cycles in MeOH and EtOH, in order to measure

optical gap of ZIF-8 (Figure 13).
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Figure 13:Transmittance measurements of ZIF-8 layers grown with cyclic processes in MeOH and
EtOH at identical number of cycles. Note the layer grown in MeOH has formed a continuous layer
reducing the transmitted light near zero at energies above the band gap.

The band gap was calculated as linear extrapolation typical of a Tauc plot to be 5.33 eV, according
to other theoretical studies in the literature. The transmittance of ZIF-8 grown in MeOH attests again

the layer has fully covered the substrate because it goes to zero at values near and above the band

gap.

e X-Ray Diffraction

The role of the solvent on ZIF-8 growth was investigated by carrying out x-ray diffraction analyses
on the same 10 and 5 cycles in methanol and ethanol samples, respectively. Figure 14 reports XRD
patterns of ZIF-8 films grown by 10 SOP cycles of 30 min from MeOH on quartz, Si (100),
amorphous Silicon (a-Si) and SiO,. Patterns of samples on quartz, Si and a-Si are similar, consisting
of a main diffraction peak at 20 =7.4° attributable to (011) reflection of crystalline ZIF-8 according
to the reported XRD ICCD data.”””'>*">% A less intense replica at 26=14.8° is also visible in the

pattern. 160

The full width at half maximum (FWHM) accounts for ordered crystallites of average
size 35 nm for Si and quartz as estimated using the Scherrer formula (D= 0.9A/Bcos0, being B a
function of the FWHM, corrected with the instrumental broadening). The interplanar spacing for the

(011) planes is 1.19 nm. A slightly different scenario can be depicted on a-Si the peak is less intense,
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the d-spacing is 1.2 nm and the average crystallites size is 40 nm. The XRD pattern of SiO; does not

show any characteristic signals of ZIF-8 phase.
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Figure 14:XRD diffractogram of ZIF-8 films grown on quartz, Si (100), a-Si and SiO, obtained
through 10 SOP cycles in methanol solution.

In order to decrease the homogenous and heterogenous ZIF-8 nucleation and to investigate the
surface effect 10 SOP cycles have been carried out using EtOH as solvent. Figure 15 reports the
relative XRD data showing as the same ZIF-8 materials using EtOH as solvent have been obtained.

As expected, due to the lower growth rate, less intense peaks are observed.
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Figure 15: XRD diffractogram of ZIF-8 films grown on quartz, Si (100) and a-Si obtained through
10 SOP cycles in ethanol solution.

e Sem characterization

The above-mentioned ellipsometry and XRD outcomes prove that the film thickness and
crystallinity are strongly dependent on the solvent polarity. These data have been further confirmed
by the following SEM analysis. Low and high-magnification SEM images of film morphologies are
reported in Figure 16. Film growth in MeOH on Si and a-Si leads to a continuous coating, which
consists of homogeneous and well-formed crystals in the case of Si (Figure 16b) and a-Si (Figure
16¢). A less homogeneous film with large crystals embedded in a layer of tiny grains were obtained
on quartz substrate (Figure 16a). For this substrate, several cracks are also visible in the SEM

micrographs.
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Figure 16:SEM images of ZIF-8 layers grown on quartz, Si, a-Si and SiO, from MeOH (a-b-c-g)
and EtOH (d-e-f-h).
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A less continuous coating, in some cases with large uncovered areas, have been overall obtained
when using EtOH as solvent (Figure 16 d-e-f-h). The substrate coverage is higher on Si (Figure
16e), and it decreases moving from Si to a-Si and to quartz. On SiO,, SEM images show a negligible

ZIF-8 coating, particularly for the synthesis in EtOH (Figure 16h).

e XPS characterization

To highlight the effect of the four surfaces and to investigate the ZIF-8 nucleation, a single
deposition cycle of 30 minutes, has been carried out using either methanol or ethanol as solvent.
Figure 17 reports the XPS deconvolution peaks of N 1s and Zn 2p;/, bands of ZIF-8 samples grown
on the four substrates. The four all samples show N 1s signals as sum of two components, at 399.3
eV attributed to deprotonated imidazole nitrogen atoms, as proved for bulk ZIF-8, and at 400.8 eV,

related to the not-deprotonated N-H moieties of unreacted adsorbed imidazole molecules.
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Figure 17:XPS spectra of N Is and Zn 2p3; of samples grown after 1 SOP cycle of 10 min from
methanol (left) and ethanol solution (right) on quartz, Si, a-Si and Si0,.'%
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The relative intensity of the two components can be modulated with the solvent and substrate (Table

2).

XPS Atomic Concentration %

Reaction solvent MeOH

SAMPLE Si C o N Zn N:Zn
Si 0.9 714 |39 19.2 4.6 4.2
a-Si 0.1 71.8 3.0 20.2 4.9 4.1
Quartz 0.9 67.8 5.9 19.8 5.7 3.5
Si0, 37.7 18.7 36.1 53 2.1 2.7

Reaction solvent EtOH

Si2p Cls |Ols |[Nls Zn N:Zn

Si 1.4 73.2 7.2 14.6 3.6 4.0
a-Si 11.5 52.2 16.6 15.6 3.9 4.0
Quartz 21.8 228 | 464 5.8 33 1.75
Si0, 39.0 24.1 34.8 1.4 0.8 1.75
Reference

Powder 67.2 2.5 24.4 5.9 4.1

Table 2: XPS atomic concentration of ZIF-8 films grown on the four substrates from MeOH and
EtOH solutions. The XPS atomic concentration of ZIF-8 powders has been added as reference.'®

From methanol solution, the film grown on Si, a-Si and quartz mainly show mainly the low BE N 1s
component (399.3 eV) associated to fully formed ZIF-8. On the other hand, for ZIF-8 grown on
Si0, sample, the intensity of the high BE N 1s component (400.8eV) is comparable to that one at
399.3 eV, indicating a slower nucleation on SiO; respect to the other three surfaces. By using
ethanol as solvent, the intensity of the high BE N 1s component (400.8eV) is higher proving as the
imidazole is still not full deprotonated and, in particular, the 399.3 eV/ 400.8 eV component ratio
decreases with the following order: Si> a-Si>quartz>Si0,. The XPS outcomes confirms the above

mentioned optical data, and they prove that i) nucleation in ethanol is slower compared that in
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methanol, and ii) heterogeneous nucleation rate increases with the following order SiO,<quartz<a-
Si< Si.

The XPS signal of Zn 2ps3,, consists also of two components, at 1023.1 eV similar to the relative of
bulk ZIF-8 and at 1024.2 eV associated to hydroxides or nitrates. Similarly, the different intensity
ratios of Zn 2ps, components depend on the substrate and solvent and it can be associated to
different nucleation rates. AS already observed for N 1s, the nucleation rate, increases according to
the following trend ethanol<methanol and Si0,<quartz<a-Si< Si, confirming the results observed

for N 1s.

o Theoretical model and DFT-based simulations

By considering the above-reported experimental data and according the previous literature studies
on the homogeneous formation of ZIF-8 that indicate as the key step for the crystal growth is the
imidazole deprotonation either of isolate imidazoles or of Zn** coordinated imidazoles (Scheme. 6a)

161. 2 ZIF-8 formation mechanism has been proposed for the four Si-based investigated (Scheme 6b).
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Scheme 6:Proposed ZIF-8 formation mechanism for Si-based surfaces based on silanols density.

Surface differences towards ZIF-8 functionalization have been related to their silanol density and
to the Lewis basic strength which affect imidazole moiety deprotonation. H-terminated Si(100) and
amorphous Si turned out to be the most reactive surfaces, whereas on quartz and, especially, on SiO,

reactivity was much lower.
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DFT calculations were used to develop a theoretical model of the ZIF-8 growth considering the
solvents and surfaces chemistry. Figurel8 shows the key formation step of ZIF-8 crystals consisting
on the imidazole (or of its Zn®" cluster) deprotonation.'®'**">® Taking into account the
deprotonation energies of the imidazole and of the Zn*" coordinated imidazole, the Zn complex
results favoured of about 15 kcal/mol compared to the imidazole. In addition, the effect of the

solvent is studied, and results indicate that methanol owning a dielectric constant (¢) of 32.613 D

induces better stabilization than ethanol (A = 0.5 kcal/mol) (¢ = 24.852 D).
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Figure 18: The modelled nucleation step employed in DFT calculations to study the different
surfaces effect.'%
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Calculation results shows that the hydroxyl groups of the surface deprotonate the imidazole of the

Zn clusters with the formation of water molecule (figure 18).
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Figure 19: Surfaces model of the first step of the ZIF-8 growth: a) Si(100) with one hydroxyl
group, b) Si(100) with two vicinal hydroxyl groups, c) Si(100) saturated of hydroxyl groups, d)
totally hydroxylated SiO(100)."%

This first step is endergonic, involves an adsorbed intermediate formation, and it acts as an
energy barrier for the following ZIF-8 deposition. Particularly, the deprotonated imidazole of the

intermediate reacts with Zn>" ions adsorbed on surface determining the ZIF-8 film growth.

Another model was developed by considering the four substrate and the only simpler imidazole.
Four Si(100) surfaces have been adopted having a different oxygen density: a) with one hydroxyl
group, b) with two oxygen groups, c¢) saturated of hydroxyl groups and, d) a totally hydroxylated
S10,(100) surface ( Figure 19).

By increasing the oxygen content on the surface, the first nucleation step requires more energy. In
particular, for Si(100) with two hydroxyl groups (Figure 19 b), 2 kcal/mol extra are needed
compared the case of Fig 19 b; Si(100) saturated of hydroxyl groups (Figure 19 c) 2.7 kcal/mol extra
and the Si0,(100) surface (Figure 19 d), 13.1 kcal/mol extra. Si (100) with one hydroxyl group
favours the first ZIF-8 deposition process (Figure 19 a). Therefore, the inhibition of the ZIF-8
deposition on the surface increases with the oxygen content and, in turn, the hydroxyl density,

according which the experimental data.
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Figure 20: Si 2p XPS spectra of Si-H obtained through HF-etching after 1h.'%

Figure 20 shows Si 2p XPS signal of Si-H surface obtained through HF-etching after 1 h and
prove that the oxygen content is very low. Since Si mainly consists of hydride (Si-Hy) terminations
with a low density of hydroxyl groups due to oxidation phenomena, its Si-OH groups are isolated,
and they are free to react and to promote proton exchange. The reactivity of hydroxyl groups
decreases with their density because of increase the inter cross-link and possible H-bonds formation.
In addition, surface reactivity decreases also with the overall oxygen content, thus making quartz,

and native Si0O; less reactive surfaces compared to Si.

Figure 21a shows a 100nm-thick a-Si sample adopted to measured H concentration through Elastic
Recoil Detection Analysis (ERDA).'** It has been assuming that most of the H was incorporated
during the growth process and its concentration profile is roughly constant (Figure 21 b). In fact, if
the sample is too thin the amount of adventitious H dominates over the H due to the deposition
process which is significantly underestimated. Under identical process condition H content in thin

layers used for ZIF-8 growth can be assumed to be as high as 1.2¢** H/cm® or 25% atomic.
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Figure 21: a) Transmission electron microscopy of 100nm-thick a-Si layer grown on bulk Si at low
temperature used for H content; b) H-content in a-Si as measured by Elastic Recoil Detection

Analysis (ERDA).

XPS signals of Si-H surface and Hydrogen profile of a-Si achieved through ERDA analysis
above-reported, represent an un ulterior experimental prove of the low oxygen content on Si and a-
Si surface. Therefore, Si and a-Si characterized by higher density of isolated silanols result the most
reactive substrates towards ZIF-8 functionalization.

In order to study the role of Zn>"ions on the ZIF-8 formation before the imidazole deprotonation,
all four surfaces were dipped for 10 min into a Zn(NOs3), ethanol solution and after rinsed in ethanol,

and dried under N, flow. XPS spectra of Zn 2ps; signal reported in Figure 22 shows the presence of
Zn 2ps3;, component at 1024.2 eV attributable to adsorbed Zn>* hydroxides or nitrates.
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Figure 22: XPS Zn 2p region of the four surfaces after treatment with ethanolic solutions of
Zn(NO;3), (12.5 mM) for 10 min.

Table 3 reports the atomic concentration of Si 2p, C 1s, Ols and Zn 2p for all four surface after
treatment with Zn(NOs), ethanol solution. In order to evaluate the amount of adsorbed ions the
atomic ratio between Zn and the substrate atoms (i.e Si and O) is also reported and prove that it is
much lower for SiO, compared to the other three surfaces. The above calculated high energy barrier
(13.1 kcal/mol) of SiO, surfaces and the low amount of adsorbed Zn”" ions available to interact with

the adsorbed intermediate, confirm the poor reactivity of Si0, towards ZIF-8 functionalization.
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Substrate Si C O Zn m % 100
Si 41.9 35.9 21.4 0.8 1.3
a-Si 25.8 37.5 35.7 1 1.6
Quartz 30.9 13.2 54.9 1 1.2
Si0O, 37.7 28.2 34.0 0.1 0.1

Table 3: Atomic concentrations of the four surfaces after treatment (10 min) with Zn(NOj3), ethanol
solutions (12.5 mM)

2.2 Doping of ZIF-8/Quartz films with Iodine and TCNQ

Several strategies based on in-situ synthesis using n-coniugated organic linkers as precursors or
on post-doping of MOF with redox-active molecules have been implemented to improve their
electrical conductivity.'®>'°*1¢7-1%® The insertion of acceptor-donor electron species inside MOF
cavities allow to obtain host-guest systems able to match the overlap between m and d orbitals of
organic and metal centres and to guarantee a suitable electron charge transfer.'®
Tetracyanoquinodimethane (TCNQ) with molecular formula is [(NC),CCsH4C(CN),] is a strong
electron acceptor due to its cyanocarbon atoms and the its m-system extension and it is characterized
by a large electron affinity (2.8 eV) in gas phase, suitable to achieve low-dimensional conductors

170,171
and charge-transfer compounds.'”*!”
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Scheme 7:Scheme of Tetracyanoquinodimethane (TCNQ).

TCNQ acts as an efficient multi-redox-active molecule because can easily accept two or more
electrons. TCNQ and its radical anion TCNQ™ are suitable for electronic, optical and organic
semiconductors.'” Several examples of TCNQ-based complexes owning electrical conductance
close to metals have been developed, like TCNQ-TTF (TTF: tetrathiafulvalene),'” hybrid metal-to-

ligand charge-transfer systems (MLCT) '’

and surface-supported structures using Au, Ag and Cu as
substrates.'”>!'"® In addition, electrical properties of MOF-based thin films were modulated by
TCNQ insertion. As recently reported, the electrical conductivity of Cu3(BTC), film can be tunable
through TCNQ infiltration.'”” However, there are few examples of TCNQ-doped MOFs and this

could represent a promising synthesis method to obtain N-doped hybrid frameworks.'”®

Likewise, electrophilic addition of halogens represents a chemical reaction to covalently link
nucleophile MOF sites like nitrogen or carbon atoms.'”” Todine and Bromine have been widely used
to bond 7 electron systems like olefin and to form 1:1 electron donor-acceptor complexes with

imidazole derivates.'3%'8!

Halogen bonding are particularly exploited to achieve luminescent MOF
and MLCT complexes too.'®*!"Particularly, iodine linked to pyridinic nitrogen of imidazole leads
to n-type charge transfer complexes. In addition, hole doping of Co3(NDC); films through I,
insertion have been carry out to achieve an oxidative MOF doping leading to p-type semiconductor
and allowing to extend the MOFs applications in electronic and optical devices.'”® On the other
hand, ZIF-8 embedded in a rubber polymeric matrix has been employed as host material to trap
iodine vapour, useful in sensing field."®® Therefore, dopant insertion like I, and TCNQ, not only

involves morphological changes but also allows to modulate chemical-physical and electrical

properties of MOF thin films.

66



On this background, the doping of ZIF-8/quartz films with TCNQ and I, is reported in the
following sections. The guest’s insertion has been investigated through chemical and optical
characterizations and the resistivity change of the ZIF-8 films after doping were tested by four point

probe electrical characterization.

2.2.1 lodine Doping of ZIF-8/Quartz films

ZIF-8/quartz films were doped with I, through in situ synthesis during ZIF-8 growth and by post
synthesis via based on infiltration of the sample into dopant solution. Chemical stability of ZIF-8
films in solvents with different polarity was firstly tested. ZIF-8/quartz films were dipped into water,
methanol or ethanol separately for 30 min. As shown in Figure 23, ZIF-8/quartz film is unchanged

after dipping in water (Figure 23 a), whereas it undergoes a dissolution in methanol and ethanol

(Figure 23 b).

Figure 23: (a) ZIF-8/Quartz film after dipping of 30 min in water and in methanol; and (b) in
ethanol.

Due to remarkable in water stability of ZIF-8, iodine doping via post-synthesis was carried out in
water (ZIF-8@I, H,0O) whereas methanol has been used as reaction solvent for ZIF-8 synthesis and
its simultaneous I,-doping (ZIF-8@1, MeOH).

Route a: ZIF-8@I, MeOH: quartz substrate was dipped for 30 min into mix solution consisted of
5 ml of a methanolic solution of Zn(NO;),x6H,0 (12.5mM, 250 ml MeOH)), 2 ml di I, (6,8 mM,
250 ml di MeOH) and 5 ml di Melm (25 mM, 250 ml di MeOH). This one represents a reaction
cycle and it has been repeated 10 times for the ZIF-8@]I, film synthesis.
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Route b: ZIF-8@I, H,O: ZIF-8/Quartz film was dried at 130°C for lh in order to remove
methanol amount inside ZIF-8 cavities trapping during synthesis. Then, the sample was dipped for 3
hours at room temperature in a Lugol reactive solution obtained dissolving 1.52 gr of KI and 0.76 gr

di I, into 60 ml di H,O.

Optical characterization has been allowed to detect the iodine presence in the ZIF-8/quartz films
and proves that the host-guest system formation (ZIF-8@]l,). Figure 24 reports the UV-vis spectra of
ZIF-8@], obtained through 10 SOP cycle from methanol solution (Figure 24 a) and through post-

synthesis way in water solution (Figure 24 b)
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Figure 24: UV-vis of ZIF@I; system obtained through route a (a); and through route b (b).

Despite there are not typical absorption peaks of ZIF-8, due to its absorption in the region below
300 nm, both spectra show a band between 360 and 400 nm related to Is” and T’ species.184 As shown
in Figure 24 b, the absorption results more intense for ZIF-8@I, sample obtained through post-
synthesis in water than the related achieved by synthesis in methanol. In addition, for ZIF-

8@I,_H,0 sample the band at about 700 nm is recorded and attributable to I formation.'™’

As further prove of ZIF-8@]I, host-guest formation, chemical composition analysis was carried
out through XPS. The table 4 reports XPS atomic concentrations of the ZIF-8@], MeOH sample.
The detected Zn:N atomic ration, close to theoretical value (1:4),"*® proves as the addition of iodine

into mix ZIF-8 precursors solution does not compromise the formation of ZIF-8 crystals.
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XPS atomic concentrations ZIF-8@I, MeOH

Si2p3 | Cls | Ols | N1s | Zn2ps;, | 13dsp I 4ds),

6.8 702 | 154 | 45 1.1 1.0 1.0

Table 4:XPS atomic concentrations of Si 2p3, C 1s, O Is, N Is, Zn 2p;p, 1 3ds;, and I 4ds), of the
ZIF-8@I, MeOH.

In addition to XPS quantitative analysis, Figure 25 shows the XPS signal of I 3ds/, as single peak

centred at about 617 eV and attributable to I3 presence.

| 3ds,

635 630 625 620 615
B.E. (eV)

Figure 25:XPS signal of I 3ds;; of ZIF-8@I, MeOH sample.

By analysing the XPS atomic concentration of ZIF-8@I, H,O sample, reported in Table 5, it is
clear as post-doping synthesis in water allow to insert more iodine inside ZIF-8 cavities. Indeed, the

I 3dspatomic concentrations results higher than that one recorded for ZIF-8@I,_ MeOH sample.
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XPS atomic concentrations ZIF-8@I, H,0

Si2p3 | Cls |Ols | N1s | Zn2psn | 13dsp, | 14dsn, | K2p

53 434 | 326 | 5.0 1.31 4.3 4.2 3.9

Table 5: XPS atomic concentrations of Si 2p3, C 1s, O 1s, N Is, Zn 2psp; I 3ds,, [ 4ds; and K 2p
of the ZIF-8@l, H,O.

Figure 26a shows the XPS signal of I 3ds, of ZIF-8@I, H,O that results shifted to higher
binding energy (620. 2eV) respect to the relative recorded for ZIF-8@I, MeOH due to the T
formation.'®” In addition, K 2p signal has been also detected due the KI introduction in reactive

Lugol solution (Figure 26b).
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Figure 26: XPS signal of I 3d5 and K 2p of ZIF-8@I, H>O sample.

XPS outcomes confirm the above-mentioned optical data proving as the post-doping of ZIF-8 film
in water solution does not compromise the ZIF-8 integration and its composition, N:Zn atomic ratio
is equal to theoretical value also after iodine treatment, and guarantees a greater iodine amounts

trapped inside ZIF-8 cavities than one achieved through the synthesis in MeOH.
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2.2.2 TCNQ Doping of ZIF-8/Quartz films

As widely reported in literature, MOF infiltration into a CH,Cl, saturated solution of TCNQ over
long time (2 days) is the more common method to achieve N-rich MOF acting as n-type

semiconductors. '

In situ synthesis approach simultaneous to doping has been adopted to achieve doped ZIF-
8/quartz films with TCNQ in order to avoid ZIF-8 dissolution into CH,Cl,. In addition, the
relationship between TCNQ concentrations and ZIF-8 chemical composition has been investigated
through XPS analysis. Particularly, two sample through low and high TCNQ level doping were

obtained.

Low TCNQ doping (2 ml) was carried out by introducing 2 ml of 5 mM CH,Cl, solution of
TCNQ into mix solution consisted of 5 ml of 12.5 mM methanol solution of Zn(NO3),x6H,0 and 5

ml of 25 mM methanol solution of Melm.

High TCNQ doping (4ml) was carried out by introducing 4 ml of 5 mM CH,Cl, solution of
TCNQ into mix solution consisted of 2 ml of 12.5 mM methanol solution of Zn(NO;),x6H,0 and 2

ml of 25 mM methanol solution of Melm.

The ZIF-8/quartz@TCNQ films were characterized through Uv-vis to test the occurred high and low
doping (Figure 27).
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Figure 27: UV-vis spectra of doped ZIF-8/quartz film with 4 ml (high-doping, -) of and 2 ml (low-
doping, -) of saturated CH,Cl, solution of TCNQ.

The absorption spectra consist of two bands at 391 nm and 850 nm attributable to TCNQ® and
TCNQ formation (Figure 27). The TCNQ°/TCNQ" equilibrium is dependent on polarity of the
solvent and the TCNQ dissociation is more prominent at high pH as reported in the following

reaction '** (Scheme 8).

N N
g _ 7
/
C— =
N
/,}C — EN
N N
¢ Base
N 3 Y N
r/ C
C N
v S
N N
TCNQ

Scheme 8: TCNQ dissociation to form TCNQ" in basic conditions.
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The absorption peaks at about 850 nm result less intense than that ones at 391 nm, indicating as the

dopant is present as TCNQ?® inside ZIF-8 cavities or on its surface.'”

TCNQ can also act as organic linker and coordinate Zn*"cation competing with 2-methylimidazole.
FTIR spectroscopy has allowed to prove as TCNQ acts only as guest without compromise the ZIF-8
structure. Indeed, FTIR spectra of ZIF-8@TCNQ systems obtained through low and high doping
are comparable to that one of ZIF-8/quarzt film, and they show IR signals; at 3135 cm™and at 2900
cmattributable to N-H and C-N stretching, respectively, at 3100 and 1350 cm™ assignable to C-H

group of imidazole linker, and a weak signal at about 500 cm ™ due to coordination bond Zn-N .'*"1%2

The relationship between the doping levels and the ZIF-8 chemical composition was investigated
through XPS characterizations of the both ZIF-8@TCNQ systems. Table 6 shows as the high
doping, concerning the in-situ synthesis of ZIF-8 with the addition of 4 ml of TCNQ determines a
higher N 1s concentration proving that TCNQ addition lead to a N-rich MOF formation. However,
N:Zn atomic ratio that should be about 4 for the ZIF-8 structure '*°, results higher (7 - 7.8) also for

the sample obtained through low-doping indicating the presence of TNCQ inside ZIF-8 cavities.

XPS atomic concentrations ZIF-8@TCNQ (2 ml)

Si2p3 | Cls | Ols N s Zn 2ps

2.5 75.8 12.9 7.8 1.0

XPS atomic concentrations ZIF-8@TCNQ (4 ml)

Si2p3 | Cls | Ols N s Zn 2ps

5.7 70.3 10.2 12.0 1.8

Table 6: XPS atomic concentrations of Si 2p3, C Is, O Is, N Is, Zn 2p3; of the ZIF-8@TCNQ
obtained through low (2 ml) and high (4ml) doping in-situ synthesis.
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2.2.3 [Electrical Characterization

Four-point probe resistivity measurements have allowed to prove that the electrical response of ZIF-
8 films changes in function of the dopant-type. In particular, not-doped ZIF-8/quartz film has been
used as benchmark and compared with ZIF@I, host-guest systems, obtained through in-situ
synthesis using MeOH as reaction solvent and post-doping via in water, and ZIF-8@TCNQ obtained
through high doping in situ synthesis.
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Figure 28: Four-point probe resistivity characterization of not-doped ZIF-8 and ZIF-8@I, MeOH;
ZIF-8@I, H,0, ZIF-8@TCNQ films.

Figure 28 shows the electrical resistivity value of ZIF-8 before and after doping with I, and TCNQ.
The measurements were carried out by employing a Rc of 1.6 x 10'* Q and as above-reported the
iodine doping involves a resistivity decrease of ZIF-8 film by an order of magnitude. In particular,
the I, doping carried out in water results more promising because of it determines an electrical

resistivity value changes from 2.0 x 10° Q, detected for not-doped ZIF-8, to 4.3 x 10® Q. A slightly
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electrical difference is detected between ZIF-8@I, MeOH and ZIF-8@I, H,O. Whereas, TCNQ
doping doesn’t involve remarkable resistivity improvement of the ZIF-8 material. The electrical
resistivity of ZIF-8@TCNQ synthetized via low doping has not been reported because is equal to
the relative sample achieved through the high doping. Therefore, the development of doped ZIF-8
films results a novel and valid example of responsive coating for integrated devices, particularly

promising in sensor or electrochemical storage field.

2.3 Synthesis of ZIF-8 films on Copper foil

In order to assembly ZIF—S8 based lithium ion cells it is necessary to grow ZIF-8 films on a copper
substrate, which is a common collector for anode electrodes. Copper foils present surfaces
characterized by a strong basic behaviour able to guarantee fast imidazole deprotonation, key step of
ZIF-8 crystal formation. ZIF-8 films were grown directly from methanol solution through the SOP
protocol above described.'” In detail, 10 SOP cycles were carried out into MeOH mix solution of
Zinc nitrate and 2-methylimidazole at room temperature without any additive. The surface basicity
involves fast homogenous and heterogenous nucleation leading to thicker film than those obtained
on Si-based surface. However, the high growth rate does not allow to control the crystallinity degree
of the film leading to an amorphous ZIF-8 coating. Indeed, in the diffractogram of the ZIF-8/Cu
sample, reported in Figure 29, the characteristic diffraction peaks of ZIF-8 are missing and the broad

shoulder at low 20 is attributable to the formation of poorly crystalline material.
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Figure 29: XRD diffractogram of ZIF-8 film grown through 10 SOP cycles from methanol solution
on Cu foil.

ZIF-8 formation was instead proved by FTIR spectroscopy. Figure 30 shows the IR spectra of ZIF-8
film grown on Cu foil and, as reference, the ZIF-8 powder. The two IR spectra are comparable and

show identical main vibration modes of the ZIF-8 characteristic functional groups.
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Figure 30:IR spectra of ZIF-8 powder (=) and ZIF-8 film (=) grown on Cu foil through SOP
method.

In detail, signals at 790 cm™ and at 2950 cm™ are due to the strecthing modes of alifatic C-H
whereas the infrared peak at 3130 cm™ is attributable to aromatic C-H bending. The signals in the
region between 1382 and 1457 cm™ are due to aromatic ring vibrations. Whereas, the vibration
modes in the region between 995 cm™ and 1145 cm™ and the signal centred at 1590 cm™ are
assignable to to C-N and C=N functional groups. '*"'*> SEM images of ZIF-8/Cu sample obtained
after 10 SOP cycles from methanol solution proves the formation of a homogenous and continuous
ZIF-8 coating on Cu surface. Figure 31a shows an inter-grown layer consisted of hexagonal closed-
packed structures, typical ZIF-8 morphology. In addition, the thickness of Cu coating is about 3um

and was detected trough ZIF-8 film cross- section analysis (Figure 31b)
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Figure 31: SEM image (a) and cross-section (b) of ZIF-8 film grown on Cu foil through SOP
method.

2.3.1 Doping of Cu/ZIF-8 films with Lithium acetate

Post synthetic treatments of ZIF-8/Cu films with lithium acetate (LiOAc) have allowed to introduce
lithium ions inside their cavities developing Li" doped ZIF-8/Cu electrode through fast and facile
route. In Particular, two different doping levels were carried out by using high and low
concentrations of lithium acetate, named high and low doping routes. Before LiOAc doping, MeOH
trapped inside ZIF-8 pores was removed through post annealing treatments of ZIF-8/Cu films at
130°C for 30 min. Then, low doping route was implemented by dipping the ZIF-8/Cu sample into
10 ml solution of LiOAc (10 mM) using ethanol and water as solvents in 1:2 ratio. High LiOAc
doping was carried out in the same conditions but using 10 ml solution of LiOAc (40 mM). Both

doping reactions was carried out at room temperature and for 4h.

FTIR spectroscopy has allowed to detect the chemical composition difference between ZIF-8
undoped and ZIF-8@Li" samples. As shown in Figure 32, the sample ZIF-8@Li" low doping
presents a comparable spectrum to ZIF-8 undoped. Particularly, both ZIF-8 undoped and ZIF-8@Li"
low doping, show the typical absorption peaks of ZIF-8 as above reported in Figure 32. However,
the IR signals of ZIF-8@Li" low doping are slightly less intense of that one’s of ZIF-8 undoped
proving as the low LiOAc concentration doesn’t lead to particular ZIF-8 chemical composition

changes. Whereas, ZIF-8@Li" high doping shows less intense signals and the peaks centred in the
g gh doping
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region between 1400 and 1600 cm™ consists of a broad band attributable to the presence of acetate

groups whose signals overlap with ZIF-8 bands at 1583 cm™ and 1440 cm™.'
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Figure 32: IR spectra of ZIF-8/Cu film undoped (-), of ZIF-S8@Li" obtained through low doping via
(-) and ZIF-8@Li" obtained through high doping via (-).

2.3.2 Electrochemical Characterization of ZIF-8/Cu electrode

Undoped and Li" doped ZIF-8/Cu films were assembled in lithium ion cells in order to test their
electrochemical behaviour. In Particular, cyclic voltammetry and galvanostatic measurements were
carried out to investigate the electrochemical activity of the ZIF-8 thin films as function of lithium

voltage range and to study the reversibility of redox charge-discharge processes. The cells were
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assembled in an Ar glove box kept in anhydrous conditions (ppm(H,0)<0.1) (Figure 33 a) and by
using El-Cell Std as devices (Figure 33 b). Figure 34 shows the different steps of coin cell assembly
of the electrode half-cells in glove-box, starting from a coin cell base (Figure 34 a) where the active
material is placed (Figure 34 b). Then, a separator with LP30 electrolyte, consisting of a 1 molality
solution of hexafluorophosphate, LiPFs, dissolved into a mixture of ethylene carbonate and dimethyl
carbonate, 1:1 in volume, is deposited (Figure 34c-d) and lithium foil is used as metal film (Figure
34e). The cell is sealed through appropriate spring and spacer (Figure 34 f) and closed with a coin
cell lid in order to obtain the El-Cell Std reported in Figure 35a. Galvanostatic cycling was carried
out by connecting the achieved El-Cell to a defined channel of battery analyser (Figure35b-c), in the
range 3mV-10mV and employing a current density of J: SpA cm™.

Figure 33: Picture of Ar glove box (6a) and of the components of EL-Cell Std (6b).
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Figure 34: Steps of coin cell assembly: a) coin cell base, b) active material consisted of ZIF-8/Cu
electrode, c) separator, d) LP30 electroclyte, e) lithium foil; f) spring and coin cell lid.

Figure 35: El-Cell std (a) and channel battery analyser (b-c).

e  Galvanostatic Measurements

All three samples showed a moderate lithium electrolyte permeability and guarantee a suitable ionic

charge transfer but doesn’t contribute to capacity increase. Figure 36 reports charge/discharge
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capacity density as function of cycle number of the ZIF-8 undoped and ZIF-8@Li" electrodes
achieved through high and low doping route.
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Figure 36: Capacity density mAh cm™ of ZIF-8 undoped (red ), ZIF-8@Li" low doping (black) and
ZIF-8@Li" high doping (blu ) for 10 charge (empty symbol)-discharge (filled symbol) processes in
the range SmV-3mV and with density current of Sud cm™.

The capacity density values are very low with stabilization capacity about 0.01 mAh cm™. The
capacity density of for ZIF-8@Li" high doping sample at first discharge results greater with value of
0.09 mAh cm™ indicating that the lithium acetate insertion give some the electrochemical activity of
the ZIF-8 electrode, but this activity strongly decrease after the first discharge indicating the
presence of some irreversible degradation . Whereas ZIF-8 undoped and ZIF-8@Li" low doping

samples shows a comparable first discharge capacity density
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The electrochemical lithium loading has been investigated through charge/discharge voltage profiles
as function of the capacity density related to the first three redox lithiation/delithiation processes. As
shown in Figure 37, the span of voltage plateau increases with the LiOAc concentration. Indeed,
ZIF-8@Li" high doping has an intrinsic electrochemical activity presenting two pseudo plateaus at
about 1.6 and 1.2 mV, which disappears after the first three cycles. Whereas ZIF-8@Li" high doping
shows a continue voltage slope and ZIF-8 undoped is characterized by an electrochemical Li un-

reactivity.
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Figure 37: Voltage profile as function of Capacity density mAh ecm™ of ZIF-8 undoped ( - ), ZIF-
S@Li" low doping (-) and ZIF-8@Li" high doping () for first three charge-discharge processes.

The galvanostatic performances of the Cu/ZIF-8 undoped and Li" doped films demonstrated that the
high porosity and large surface area of ZIF-8 guarantee a suitable permeability of electrolyte and by
modulating the LiOAc doping it is possible to control the electrochemical loading of ZIF-8 films.
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e  Cyclic Voltammetry

The voltage profiles in Figure 38 describe the redox processes related to lithiation and delithiation of
ZIF-8/Cu electrodes. Cyclic Voltammetry (CV) experiments have allowed to confirm the above
reported galvanostatic outcomes and therefore the electrochemical activity of the ZIF-8/Cu thin
films and as, it changes as function of the film chemical nature. CV test was carried out in the range
3mV-10mV and with scan rate of 0.5 mV/s. Figure 38a reports the voltage profile of (-) Li
/EC:DMC 1:1 v/v LiPF6 1m/ W.E. (+) cell using as working electrode Cu benchmark. Figure 38b
and 38c show the voltage profile of (-) Li /EC:DMC 1:1 v/v LiPF6 1m/ W.E. (+) cells using as
working electrodes ZIF-8 undoped and ZIF-8@Li" high doping, respectively. The CV curve of ZIF-
8@Li" low doping is not shown because of they present the same profile of ZIF-8 undoped.
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Figure 38: Voltage profile E/V vs. Li+/Li as function of Current density J/uA cm-2 of Cu benchmark
(7a, =) of ZIF-8 undoped (7b, =) and of ZIF-8@Li+ high doping (7¢c, =).
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Both the ZIF-8/Cu electrodes, undoped and Li" doped, show an intrinsic reversible electrochemical
activity respect to the CV curve of Cu benchmark, even though some irreversible processes have
been observed for the Li" doped sample. In particular., the ZIF-8 undoped shows a two reduction
signals at ~ 0.5 V and 0.2 V vs Li, respectively. The electrochemical noise is probably attributable to
contact losses during experimental CV test. The electrochemical activity of ZIF-8@Li" high doping
electrode results more noticeable both in first and following redox processes than that one of ZIF-8
undoped. ZIF-8@Li" high doping electrode shows, two intense reduction peaks at ~ 0.95 and 0.4 V
vs Li in the first cathodic process, and discrete electrochemical activity at V< 0.1V vs Li. In
addition, ZIF-8@Li" high doping electrode shows a single oxidation peak at ~ 1.2 V vs Li and two
weak signals at ~1.8 and 2.5 V vs Li. The electrochemical activity of ZIF-8@Li" high doping
electrode decreases with the cycle number and the reduction signal at ~ 0.95 V shifts towards lower

Li voltages (0.75 - 0.65 V), suggesting the occurrence of some irreversible reduction processes
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Chapter 3

3 Direct Growth from Solution of Fe-Based MIL-
Frameworks

Fe-based MIL frameworks, consisted of FeOy-terephtalate units, respect to other MOF topologies
are characterized by a complex flexible structure with tunable pore size."”*'*>'*® Among all MIL
topology, MIL-101 and MIL-88, consisted of trinuclear transition metal carboxylates complexes
(metal like Cr3+, Fe3+, V3+, A13+; I or Sc3+) conventionally described as trigonal prism, are

. .. . .o . 197.198
framework isomers distinguishable for their intrinsic crystal structure.”” "

Extreme synthetic conditions are required to MIL crystal formation. In particular, long reaction
times, above one day, high temperatures and additive use are needed to MIL nucleation.'””*%**"!
Design of MIL film is even more difficult because of both their intrinsic structure and the surface
terminations affect the MOF nucleation and growth in terms of morphology and thickness.***2"**%*
Surfaces pre-functionalization by carboxylate-based monolayers can drive MIL nucleation through
covalent interactions between -COO™ surface terminations and Fe3" centres or FeO clusters in
solution.””> However, the few examples of Fe-MIL film, have been mainly obtained through powder
deposition techniques like Langmuir Blodgett and spin or dip coating involving more deposition
steps and long reaction time.”*****?°" Therefore, the implementation of novel synthesis routes,
characterized by facile and fast protocols, is needed to growth MIL film or membrane. Thanks to its
hydrophobic-hydrophilic dual nature, MIL is a versatile coating with an excellent reactivity towards
both polar and non-polar molecules.*” On the other hand, the introducing of functional groups like -
OH and -NH; on the MIL frameworks allows to control the surface chemistry and to modulate the
chemical-physical properties ensuring the selectivity needed for application fields like sensor or

. 209,210,211
catalysis.”

In addition, Fe-based MIL films are suitable for energy storage devices because
their reversible Fe*Fe*" redox transitions, make them active materials for electrochemical

cells.'**"* Direct growth from solution is a promising alternative synthetic route to directly deposit
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MIL on collector like copper or aluminium avoiding powders deposition processes followed by
repeated annealing’s that can cause cracks and structural defect. In this chapter, the direct growth of
different MIL topologies is reported. NH,-MIL-101 and NH,-MIL-88 were obtained on bare and
pre-functionalized Si surfaces through different synthetic routes proving that the synthetic protocol
affects not only the growth rate but also the film’s morphology and thickness. A novel two-step
strategy based on sol-gel deposition of iron oxide and followed by the growth of MOF from a
carboxylic acid solution, was implemented to realize MIL-based composite. EIS spectroscopy shows
that the Cu/MIL electrode has a very low intrinsic electrical resistivity, therefore representing a

promising hybrid active material.

3.1 Synthesis of Fe-MIL-frameworks on Si Surface

Iron-based MIL thin films were directly grown from solution on Si (100) surface via three different
synthetic routes. By modulating experimental parameters such as the introduction of acid additives
directly in solution (i.e. acetic acid), the reaction times and the presence of carboxylates-based self-
assembled monolayers (SAMs), it was possible to control the morphology, the thickness and
crystallinity of films and, more important, the phase (NH,-MIL-101 or NH,-MIL-88). Monolayers
constituted of pure, well defined and monodispersed NH>-MIL-101 octahedral crystals were
obtained after 4h in the presence of acetic acid, which favours crystallization following reduced
growth rate. Longer reaction times (8h) lead to well-crystallized NH,.MIL-88 hexagonal grains
embedded in a matrix of tiny NH,-MIL-101 crystals. In the absence of acetic acid, the deposition is
faster but leads to poorly crystalline films mainly consisting of mixtures of NH,-MIL-88 and NH,-
MIL-101 grains already after 4 h. Surface pre-functionalization with 4-vinylbenzoic acid SAMs
allows to optimize both the crystallization and the growth rate leading to thicker crystalline films of
NH,-MIL-88 already after 4h. XPS analysis showed that NH,-MIL-88 crystals obtained on

carboxylate SAMs are mixed with iron oxide.
The advantages of this study are:

» The realization of iron-based MIL- film allows to obtain redox active coating for electrode
surface. The use of iron salts as inorganic precursors involves low-cost and environmentally
friendly synthesis. In addition, Fe-based MIL guarantees a reversible redox Fe®'/Fe’”

equilibrium suitable to electrochemical storage device.

92



» Synthesis of MIL films through direct growth from solution allowed to develop facile
strategies at moderately temperatures involving short reaction times respect that one reported
in literature.

» The different synthesis protocols lead to MIL films distinguishable by morphology,

composition, thickness layer and crystallinity.

The growth rate was optimized by implementing a novel synthesis strategy based on MIL growth on
carboxylate-based Si surface. Carboxylate SAM increased the heterogenous nucleation which leads
to a continuous film of NH,-MIL-88 after only 4h. In addition, the covalent interactions between
COO’ termination of Si surface and Fe’" centres promoted the formation an iron oxide matrix in

which MIL framework is embedded.

3.1.1 Synthesis strategy to control MIL morphology and film coating

Native SiO; grown on Czochralski-grown B doped Si (100) substrate (2x2 cm in size) was dipped in
HF (1%) for 90s in order to obtain H-terminated Si surface and remove the native surface oxide. The
substrate was quickly rinsed in deionized water, dried in a stream of nitrogen and immediately
introduced in the reaction solution for MOF film growth. Fe-based NH,-MIL films was obtained
through solvothermal reaction by dipping Si surface in a DMF solution consisted of Iron (III)
chloride hexahydrate and 2-aminoterephtalic acid, used as metal and organic precursors,
respectively; with molar ratios of 1:1. Three synthetic methods were implemented to obtained
different NH,-MIL structures: the direct growth from solution in acid conditions with the addition of
glacial acetic acid (GAA route), the direct growth without acid additive use (free-additive route) and,
the growth on 4-vynilbenzoic acid SAM (4-VBA route) reported in the next paragraph. The DMF
mix solutions were placed in an oil bath at 120° C for all three above-mentioned routes, by varying
the dipping time between 4 and 16 hours. Lastly, the sample was rinsed in DMF and dried in a

stream of nitrogen.

MIL film characterization: The Ellipsometric measurements were performed using a VASE
instrument (J.A. Woollam) which is better suited for transparent samples in order to measure on the

same position ellipsometric and transmittance data thanks to a vertical 3-29 configuration.
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Field emission scanning electron microscope (Zeiss Supra35 FE-SEM) equipped with EDX

microanalysis system (Oxford Instruments, X-MAX, 80 mm?) was used to observe morphology.

XPS spectra were run with a PHI 5600 multi-technique ESCA-Auger spectrometer equipped with a
monochromatic Al Ko X-ray source. Analyses were carried out with a photo-electron angle of 45°
(relative to the sample surface) with an acceptance angle of + 7°. The XPS binding energy (BE)
scale was calibrated by centring the C 1s peak due to hydrocarbon moieties and “adventitious”
carbon at 285.0 eV. XPS atomic concentration was evaluated by estimating the integrated area of
Cls, Ols, Si 2p3, N1ls, CI 2p, Fe 2ps,, Fe 3p peaks corrected for the corresponding relative atomic
sensitivity factor (S;) based on empirical data reported by Wagner and corrected for the transmission

function of the spectrometer.

The crystal structure of MIL film was determined by X-ray diff raction methods. Intensity data were
obtained at 190 K on a Bruker APEX II equipped with a charge-coupled device area detector and a
graphite monochromator (Mo Ka radiation A = 0.71073 A).

3.1.2 GAA and free-additive synthetic strategies to achieve Fe-Based MIL films

Fe-based MIL were directly grown on Si (100) from a DMF solution of FeCl; and 2-amino
terephthalic acid by increasing the dipping time from 30 min up to 3.5 hours in order to evaluate the
surface coverage. Figure 39 reports the direct transmittance measurements of the samples obtained

at increasing dipping time from 300 nm to 2100 nm at normal incidence.
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Figure 39:Transmittance spectrum of MIL film compared to bare glass and, as function of dipping
time

Substrate coverage, compared to bare glass substrate, is negligible at 30 min whereas it is almost
complete for 3.5 hours where only far infrared wavelengths are partially transmitted. The films
transmittance drop recorded after 3h suggests the needed reaction time to MIL formation confirming
the data reported by Carson et al.'”® By considering the optical outcomes, a layer of isolated NH,-
MIL-101(Fe) crystals was grown from a DMF solution using 2-aminoterephthalic acid and
FeCl;x6H,0 as reactants and acetic acid as additive (GAA route) after 4h. The crystals are
characterized by a regular and well-defined octahedral shape with sizes ranging from 150 to 300 nm

(Figure 40).
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Figure 40: SEM (a) and TEM (b) images of NH>-MIL-101(Fe) layers.ZM

In both cases, SEM and TEM analyses show that the layers consist of octahedrons, which are typical

215,216

of MIL-101 crystals due to their cubic symmetry, observed mainly along the [111] direction.

In order to investigated as the reaction time influences the MIL morphology, NH,-MIL-101film
were grown on Si surface through GAA route for 8h and 16h. Figure 41 shows the comparison of
the MIL morphology in function of increased times. For longer reaction time (8h), besides the small
octahedral MIL-101 grains, hexagonal crystals with the characteristic needle shape of NH,-MIL-88,
217 were formed (Figure 41 b). The transition from one structure to another occurs because MIL-101
and MIL-88 are polymorphs in equilibrium, and the specific framework formation depends on the
reaction times, temperature and pH."”® Increasing the reaction times up to 16 hours, flat islands with

poorly defined shapes (Figure 41 c¢) were observed.
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Figure 41:High resolution SEM images of a) typical octahedral crystals obtained both through the
GAA after 4h; b) typical needle-like crystals obtained through the GAA route after 8h; (c)
morphology of films obtained through the GAA route after 16 h.

Free-additive route was also adopted and compared to the results observed in the presence of acetic
acid. NH,-MIL-101 was obtained through the same synthetic route and times (from 4 to 16 h),
without using acetic acid. Figure 42 compare morphologies of NH,-MIL films achieved at 4h, 8h,
and 16h using GAA, (Figure 42 a, b and c) respectively; and NH,-MIL films through free-additive
one (Figure 42 d, e and f).

97



Figure 42: SEM images of NH,-MIL films, obtained through the GAA route after 4h (a), 8h (b) and
16h (c); and NH,-MIL films obtained through the free-additive route after 4h (d), 8h (e) and 16 h

0.

Using the free-additive route and after 4h, a discontinuous dual structure coverage layer, mainly
made of octahedral MIL-101 crystals (Figure. 42 d), and some hexagonal MIL-88 crystals was
obtained. Longer reaction times (up to 8h) favour the formation of a denser coverage consisting of
hexagonal crystals embedded in a net of tiny (Figure 42 e) grains, while a further increase of the
reaction times (16h) leads to a poor coverage with only few crystals grown on the surface (Figure 42
f). The morphology of the latter indicates that dipping times above 8h for the free-additive route lead

to low amount of MIL material.

Table 7 shows the Fe/Si atomic ratios (obtained from EDX and XPS measurement) of samples

grown for different times (4h, 8h and 16h) with or without the presence of additives.
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Route GAA Free-additive

Time 4h 8h 16h 4h 8h 16h

EDX / XPS EDX / XPS EDX/ XPS EDX/XPS | EDX/XPS | EDX/XPS

Si2p 67.1/20.5 46.0/5.3 39.5/3.2 67.5/18.0 448 /1.4 87.8
Ols 59/37.1 10.3/27.5 12.7/28.1 5.7/36.7 11.3/19.4 24
C 26.3/33.6 42.7/51.4 46.7/53.7 23.3/36.3 42.5/74.8 9.5
Fe 0.39/23 0.84/4.2 1.0/4.1 0.40/2.4 096/1.1 0.2
N 35 -/ 6.1 - /5.6 - /35 /12 )

Cl 0.05/0.7 0.14/1.4 0.11/1.2 0.07/0.8 0.41/0.4 0.05
Fe/Si 0.006/0.11 0.018/0.79 0.025/1.28 0.006/0.13 0.21/0.79 0.002

Table 7: EDX and XPS atomic concentration of MIL films grown by GAA and free-additive route
and at different time (4, 8, 16 h).

The time-dependence of the film/substrate ratios, shown on the above-reported table; suggests that

both with and without acetic acid the amount of deposited material increases with the reaction time

until a maximum reached at about 8h. For longer deposition times, material is depleted from the

surface likely through a process of re-dissolution and homogeneous precipitation of powders.
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Further information on both the chemical nature and the amount of the deposited material were

obtained through FTIR spectroscopy.
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Figure 43:FTIR spectra of the samples obtained by GAA (a) and by free-additive route (b) as
function of dipping time.

Figure 43 shows the FTIR spectra related to the samples obtained by GAA route (a) and by free-
additive route (b) and reported as function of the dipping time. The signals at 1580 cm™ and around
1420-1390 cm'l, detectable in each MIL sample, are attributable to terephthalate bands and,
particularly; are characteristic of asymmetric and symmetric stretching of -COO™ groups. In
addition, the peaks at 3460 and 3320 cm™ can be ascribed to the asymmetric and symmetric v (N-H)
of the amino group, respectively, and the signals at 1260 and 1340 cm™, to the C-N strecthing. The
intensity of the above-descripted IR vibrational modes confirm the MIL surface coverage observed
in Figure 42. In particular, the IR signals of COO™ and C-N strecthing result more intense in the 8h
and 16h samples obtained through GAA route (a) and clearer in the 4h and 8h samples concerning

the free-additive route (b).2'**!%-220-22!
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Film crystallinity has been investigated through XRD measurements. Patterns of the films obtained

after 4h, 8h and 16h of reaction through GAA and free-additive route are reported in Figure 44a and

44b respectively.
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Figure 44: XRD diffractogram of the samples obtained by GAA (a) and free-additive (b) route as
function of dipping time.

In the case of 4h-grown film through GAA route, we can observe a broad peak at about 5.5°
attributable to the large and not-intergrown NH,-MIL-101 crystals. Whereas, sharp and intense
XRD reflections are detected for the sample obtained after 8h with acid additive (Figure 44a). The
above-reported diffraction peaks at 9,3°; 10,4°; 18,6°; 20,9°; 25,3° are characteristic of the MIL-88

222
structure.

Negligible signals are present in the diffraction patterns of the corresponding films grown for 16
hours, suggesting that it consists of amorphous coating. XRD patterns of the samples obtained
through free-additive routes (Figure 44b) show a broad peak at low 20 for all the three ones
corresponding at different dipping times, more intense for the 4h, 8h-grown films due to their

greater coverage.
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The reported XRD outcomes prove again that the presence of acid additive, like CH3;COOH,
controls the rate of nucleation, the crystal sizes and the crystallinity. In particular, glacial acetic acid
drives the deprotonation of carboxylic linkers accelerating the rate of the heterogenous nucleation

but does not guarantee a long-range order.**

3.1.3 4-VBA synthetic strategy to achieve Fe-based MIL-88 film

In order to optimize the heterogenous nucleation of MIL film and to investigate how the carboxylate
surface terminations affect the growth rate, the morphology and the coverage, 4-vynilbenzoic acid
was used to functionalize the Si surface. Indeed, a new synthesis strategy of NH,-MIL-88 (Fe based)
based on a carboxylic acid prefunctionalization was implemented (Scheme 9). Through
hydrosililation, 4-vynilbenzoic acid (4-VBA route) was covalently anchored on the Si surface. The
HF-etched substrate was firstly placed in a N, purged reaction chamber for 2 h, after was introduced
into a 10 mL mesitylene solution (5x10™ M) of 4-vynilbenzoic acid. The reaction mixture was left
to react at 180°C for 2 h. The silicon surface was recovered from the reaction mixture and
repeatedly washed with dichloromethane and acetone in an ultrasonic bath and dried under a stream
of nitrogen. NH,-MIL-88(Fe) films were obtained through solvothermal reaction by dipping the Si
surface in a DMF solution consisted of iron (III) chloride hexahydrate and 2-aminoterephtalic acid,
used as metal and organic precursors, respectively; with molar ratios of 1:1 and without acid
additive use. The DMF mix solutions were placed in an oil bath at 120° C and by varying the

dipping time between 4 and 8 hours.
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Scheme 9: Scheme of the reaction steps of MOF film on SAMs surface: HF etching of SiO: (a),
Hydrosilaltion reaction with 4-vynilbenzoic acid (b), Direct growth from solution of Mil film (c)
with the formation MOF film.

e Crystal structure analysis and morphological characterization

Figure 45a and 45b report the SEM images of NH,-MIL-88 film obtained through VBA route after
4h and 8h respectively.
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Figure 45: SEM images of NH>-MIL-88 film obtained by 4-VBA route after 4h (a), 8h (b). XRD data
(c) of NH,-MIL-88 film obtained by 4-VBA as function of dipping time (d).

Respect to the above-mentioned methods, the direct growth on carboxylic acid SAMs allows to
achieve a thin inter-grown layer of tiny NH,-MIL-88 grains after only 4 dipping hours (Figure 45a).
By increasing reaction time up to 8h, the surface coating is poor but NH,-MIL-88 crystals increase

in size shaping isolated defined hexagonal NH,-MIL-88 crystals (Figure 44b). XRD patterns
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reported in Figure 45¢ as function of dipping time confirm the formation of MIL-88 phase after 4h
showing its characteristic reflection peaks at about 9,3° and 10,4".222 In addition, it is again visible
the broad peak at low 260. Its position is characteristic of MIL-101 phase and is probably attributable
to not-grown MIL-101 nuclei proving the isomerism equilibrium between MIL-101 and MIL-88.
For 8h-grown sample the low-angle signal results broader and only the reflection peak at 10,4° is

slightly observable due to the low amount of deposited material.

e Chemical composition through FTIR and XPS analysis

FTIR spectra of 4h and 8h-grown samples, reported in Figure 46, obtained through 4-VBA route

show the same vibrational modes detected for the films grown onto bare silicon (Figure 46).
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Figure 46:1R spectra of NH>-MIL-88 films grown by 4-VBA route after 4h (black) and after 8h (red)

In this case, we can observe as the IR peaks, result already more intense after only 4 dipping hours

compared to the samples obtained with the protocols described in the previous paragraph. The
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optical data and SEM morphology indicate that the carboxylic pre-functionalization accelerates the
growth of NH,-MIL-88 guarantying both the crystallinity and a good surface coverage, whereas,

extended reaction times, from 8h on, induce the solubilization of the deposited materials.

In addition, chemical composition of the NH,-MIL-88 film growth through by 4-VBA route were
investigated through XPS and EDX analysis. From the Fe/Si atomic ratios of the samples 4h and 8h-
grown samples (Table 8), it is clear that the amount of deposited material and, therefore, the film
thickness decrease with the increase of the reaction time from 4 to 8h, differently from the outcomes

of the GAA and free-additive syntheses reported on table 7.

Route: 4-VBA
Time 4h 8h
EDX / XPS EDX / XPS

Si 40.2/10.8 90.2/ 8.7
O 35.4/29.3 6.2/22.2
C 13.7/46.6 2.8/ 62.6
Fe 10.43/4.8 0.56/ 1.8
N - /21 -/ 2.8
Cl 0.2/- 0.15/ -
Fe/ 0.179/0.461 0.006/0.207
Si

Table 8: EDX and XPS atomic concentration of NH,-MIL-88 films grown by 4-VBA route and after
4, and 8h.

In addition, no XPS signal of CI 2p is detected and the O 1s signal (Figure 47a) is different with
respect to the one recorded for films obtained through GAA route (Figure 47b).
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Figure 47:XPS spectra of Ols region of NH,-MIL-88 films grown by 4-VBA route after 4h (a) and
of the all NH>-MIL-88 films grown by GAA route.

The low binding energy peak at about 530 eV, clearly observed only for the sample grown via 4-
VBA (4h), is attributable to the presence of iron oxide *** and it is probably produced from reaction
between carboxylate surface terminations and the ferric salt in growth solution. Single O 1s peaks,
as that one reported in Figure 47b, instead were detected for all other described films. Therefore, the
carboxylate SAMs allows to obtain, after only 4h, a continuous film of NH,-MIL-88 accelerating
the growth rate and guarantying the crystallinity; and leads to, the formation of a iron oxide/MIL-

101 composite.

3.2 Synthesis of MIL-based composites on Copper foils

Metal Oxides (MOs)-based composites are promising materials for electrochemical storage
applications.”**#**??"228 MOs are widely used as active electrodes because they are characterized by
good capacity retention and long cycling stability. **>**° In these systems the MOF offers a flexible
coordination network characterized by a high surface area, a low density and a tunable pore
size 2123223 Additionally, appropriate functionalities can be added to the MOF organic building
blocks through post synthetic modifications to modulate MOF properties.”***** Despite their

advantages, pure MOFs are not much used for electrochemical applications due to their poor
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chemical stability and low electrical conductivity which reduce their energy storage capabilities.
221236 1ndeed, Metal-Organic Frameworks (MOFs) have been frequently used as precursors of MOs-
based composites through high-temperature annealing processes, but they have rarely been used as
pure MOF electrodes due to their low electrical conductivity and poor chemical stability.”’**%2*
However, hybrid MOF/MO composite materials can combine the MOF advantages such as low
density, high surface areas and flexible frameworks, with the electrical efficiency of metal oxides.
Transition metal oxides (like Fe,Os;, Co304, CuO, RuO,, TiO,), are, indeed, efficient active
electrode capable of performing reversible conversion reactions assuring an accurate control of the
redox potential.****" In addition, hybrid nanostructures consist of metal oxides embedded in the
carbon matrix improve the electrochemical performances compared to the pure oxides due to the
short-ion diffusion and to the increased conductivity.”*'*** Among various transition metal oxides,
iron oxides being environmentally friendly and characterized by high theoretical capacity, high
corrosion resistance and wide working potential range, have been widely employed as anode
243,244

materials.

sol-gel routes and MOF pyrolysis.>****® Fe-MIL-88 and Fe-MIL-101 are the MOF precursors mainly

The most common synthetic methods to achieve iron oxides-based electrodes are

used for the pyrolysis which typically collapse shaping mesoporous carbon shell around the iron
oxide core after the thermal treatment.**’*** In this context, the development of facile synthetic
routes to fabricate hybrid composites consisting of MOFs and transition metal oxides joined in a
common matrix would lead to new and efficient materials able to overcome some of the issues of
the current electrochemical cells, like the capacity fade and the poor capacity retention. For this
purpose, it would be necessary to optimize the heterogenous nucleation of MOF on conductive
surfaces like highly doped-silicon, aluminium or copper foils in order to directly grow integrated

multilayers device and avoid repeated steps of powder deposition.

3.2.1 Growth of Iron Oxy-Hydroxide MIL composite

A novel MOF-based hybrid film was synthetized on a Cu substrate via a two-step route. FeOOH
was first deposited on Cu foils through a sol-gel process, then Fe-NH,-MIL-101 was grown using
both the FeOOH matrix, which provided the Fe*" centers needed for the MOF formation, and a 2-
amino terephthalic acid ethanol solution. The obtained Cu/FeOOH-MIL-101 composite is made up
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of the FeOOH goethite and the NH,-MIL-101 phases and features a hybrid porous heterostructure.

The electrochemical features of the composite structure were investigated using electrochemical

impedance spectroscopy (EIS). The unique impedance behavior of the a-FeOOH/MOF proves its

potential as high surface area metal oxide/MOF-based electrode for energy storage and sensing

applications.

The originality and scientific relevance of this work can be summarized as follows:

1.

Development of a novel two-step synthesis of porous a-FeOOH/NH,-MIL-101(Fe) film on
Cu. The synthetic protocol is based on i) the sol-gel deposition of an iron oxides/hydroxides
layer that acts as inorganic MOF precursor and, then, ii) on the direct growth of NH,-MIL-
101(Fe) on the iron oxides/hydroxides film using a solution containing the MOF organic
building block only, namely the 2-aminoterephthalate acid. A mild, template-free, low-
temperature (80°C) and low-cost synthetic protocol was implemented to obtain
Cu/MO/MOF composite films which can be easily integrated to produce micro and nano
devices;

EIS analysis demonstrated that the porous Cu/a-FeOOH/NH,-MIL-101(Fe) composite
represents a promising high surface electrode material. Although the a-FeOOH/NH,-MIL-
101(Fe) film showed a high ESR value, it has good circuit parameters comparable to the sol-
gel deposited iron oxides/hydroxides layer. In particular, both systems behave like non-ideal
capacitors with a value of charge transfer resistance of about 1100 €, which is lower than the
Cu benchmark. For this reason, a-FeOOH/NH,-MIL-101, despite the insulating character of
NH,-MIL-101, can be used as high surface area metal hydroxide/MOF-based electrodes for

applications such as energy storage and sensing.

3.2.2 1Iron Oxy-hydroxide MIL composite: Structural and chemical characterization

Iron oxide/hydroxide layer was deposited on Copper foil through sol-gel deposition using iron (III)

nitrate as precursor and 2-metoxyethanol as solvent. Firstly, Fe (NO3); x 9H,0O was solubilized in a

solution of 2-metoxyethanol and acetylacetone in a molar ratio of 10:1. The latter solution (0.2 M)

was stirring and kept at room temperature for 2h. Then the precursor solution (15 ml) was dropped
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on a copper foil, cleaned with a mixture of acetone/isopropanol/ethanol, in a spin-coater at a
spinning rate of 1000 - 2000 rpm for 30 sec. Four spin-coating steps were repeated to increase the
layer thickness. In addition, a drying treatment at 100°C was carried out after each cycle to allow a
suitable adhesion on surface. The sample was, then, annealed at 150°C (heating rate of 5°C/min) for
4h to eliminate the organic components without inducing film crystallization.

Later, composite films were directly grown from solution on FeOOH layer; which acts as source of
Fe’* ions. In particular, the samples of iron oxides/hydroxides layer deposited on the Cu foils were
dipped into an ethanol solution (15 ml) of 2-amino terephthalic acid (0.16 gr). The system was kept
under reflux for 4h in an 80°C oil bath. Samples were then washed in ethanol and dried under N,
flow.

The morphology of MIL-composite was investigated through SEM morphology, its crystallinity by
XRD diffraction and chemical composition of the film was studied through FTIR and XPS

spectroscopy.

Figure 48 shows the SEM images of the morphologies of the sol-gel deposited FeOOH (Figure 48a)
and the a-FeOOH/MIL-101 composite (Figure 48b and c). As reference the morphology of the bare
copper foil (Figure 48d) is shown too. The sol-gel deposited FeOOH is a homogenous and
continuous film characterized by a “bunch” morphology, typical of iron oxide material (Figure 48a).
MIL-101 growth into amorphous FeOOH matrix increases the layer porosity (Figure 48b) through
the formation of agglomerated clusters of rod-like crystals (Figure 48c¢), typical shape of crystalline

a-FeOOH (goethite).
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Figure 48: SEM image of a) FeOOH deposited via sol-gel on Cu foil; b) low and c) high-
magnification SEM image of a-FeOOH/MIL-101 composite; d) bare Cu foil surface.

The structure of obtained films was determined by X-ray diffraction (XRD) measurements. The
XRD pattern of sol-gel deposited FeEOOH films (not shown) does not show any peak associated to
the deposit but only those related to the Cu substrate. On the other hand, after MIL-101 growth some
new features can be observed. a-FeOOH/MIL-101 composite pattern (Figure 49) shows a weak
reflection at 5.5° assigned to the (311) crystallographic planes of NH,-MIL-101. The weak and
noisy signals at about 12 and 17° are probably related to (222) and (422) planes of NH,-MIL-101
299230 put are poorly detectable in the obtained thin film. The broad signals at about 22.2°, 26.4° and
36.4° can be assigned to the (110), (021) and (111) reflections of crystalline a-FeOOH (goethite)
likely formed during the growth of MIL-101 films.>'
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Figure 49: XRD diffractogram of a-FeOOH/MIL-101 composite grown on Cu/FeOOH foil. >’

Complementary information on the nature of the a-FeOOH/MIL-101 composite was obtained by
Fourier Trasmission InfraRed Spectroscopy (FTIR). Figure 50a shows the spectra of sol-gel
deposited a-FeOOH (green line and Figure 50b) and of the a-FeOOH/MIL-101 composite (dark
line). The spectrum of the deposit is consistent with the presence of FeOOH. As expected for an
inorganic compound, FeOOH signals are much weaker than the ones of MIL-101. The most intense
signals are the broad bands at 3430 cm™ and at 1600 cm™ assigned to the stretching and bending
vibrations of the -OH groups of FeOOH.”' Other characteristic FeOOH signals are the Fe-O
strecthing modes at 860 cm™ and at 660 cm™.*>* In addition, the defined peak localized at 2430 cm™
is likely due to CO5;” which is typically formed by reaction of FeOOH with atmosferic CO,. Finally,
the double peak observed in the region at about 1030 cm™ can be assigned to nitrate functional
groups of the Fe (NOs); precursor.”>**** The IR spectrum of a-FeOOH/MIL-101 composite shows

much stronger signals mainly due to the terephthalate ligand which cover the much less intense
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bands of the FeOOH component. In particular, the signals at 1590-1510 cm™ and in the 1300-1400
cm’ region are typical of asymmetric and symmetric stretchings of -COO™ groups of the
terphthalate. 2°***>> However, the presence of terephthalic acid molecules is also detected through
the signal at 1690 cm™. 2**°® The doublet at 3226 cm™ and 3189 cm™ is due to the v (N-H) of the
amino group, and the signal at 1140 cm™ is due to the C-N strecthing of aromatic NH,. In addition,
in the 1700-1100 cm™ region the signals due to the deformation vibrations of the terephthalic acid
aromatic ring are also present.”**>® Finally, the weak and broad shoulder at 3430 cm™ can be

associated to the OH stretching of FeOOH.
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Figure 50: a) FTIR spectrum of FeOOH layer (green, and 50b) and a-FeOOH/MIL-101 composite
(dark).
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The chemical composition of the composite surface through X-ray Photoelectron Spectroscopy
(XPS). XPS spectra showed the signals due to Fe (1.5%), O (27%), N (2.5%), C (64%) and of the
Cu substrate (1.8%). The Fe/N atomic ratio is 3:5 which is consistent with the theoretical value of
the molecular formula [Fe3(0)X-(DMF),(aminoterephthalate);] (X= CI" or OH", Solvent= DMF)
of NH,-MIL-101 obtained from DMF solution. The carbon and oxygen excess compared to the
theoretical values (Fe/C/O nominal = 3/30/16) is due to the ubiquitous presence of the
“adventitious” carbon as well as of carbonate species (as confirmed by FTIR spectrum) and of the
oxidized substrate (CuO). Note that the Cu signals in the XPS spectrum is likely due to rough
morphology of the deposit with the presence of columnar structures (Figure 48 a) which increase the

surface area but leave uncovered the areas on the Cu substrates among the column.

Information on the chemical nature of the composite surface were obtained through X-ray
Photoelectron Spectroscopy (XPS). Figure 51 shows the high resolution XPS spectral region of the
composite components: Fe2ps., Ols, Cls, Ols, and N1s. Fe2ps), signal (Figure 51a) consists of two
main components at 709.1 and 711.4 eV indicating the presence of F ¢’" and Fe** respectively.257 A
third low band is due to the Fe*" shake-up at about 715 ¢V. The Fe’" component can be due to both
the a-FeOOH and NH,-MIL-101 phases, while the Fe*" is likely due to amorphous FeO.**® The
shape of C 1s band (Figure 51b) is the result of the contribution of different species. The most
intense peak in this region is observed at 285.0 eV and it is typically associated to aliphatic and
aromatic hydrocarbon atoms as well as to the “adventitious” carbon. The feature at 288.9 eV is
characteristic of carboxylic groups. However, the position of this peak is intermediate between the
value (289.3 eV) reported for the COOH groups of the terephthalic acid 3 and the typical values
(288.6-288.2) reported for carboxylate (COO") groups.”® This feature can be, therefore, the results
of the contribution of two components at 289.3 eV and at 288.6 eV due to adsorbed terephthalic acid
and to the terephthalate ligands of the MOF respectively. This result is consistent with the FTIR
outcomes which suggests the presence of free terephthalic acid besides the terephthalate ligand of
the NH»-MIL-101 framework. The last component around 286.1 eV can be associated to
adventitious C-O species as well as to the C-N atoms of the amino-terephthalic/terephthalate
species. As expected, a Nls signal at 400.2 eV (Figure S1c) is also present due to the above
mentioned amino-terephthalic/terephthalate species. The spectrum of O Is (Figure 51d) shows a

main component at 532.1 eV and two shoulders at 529.2 eV and 533.9 eV. The main component is
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consistent with the presence of hydroxides and of the carboxylate groups of the MOF. The weak
signal at low binding energies (529.2 eV) can be assigned to metal oxides while the shoulder at

533.9 eV is likely due to adsorbed water.
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Figure 51: XPS spectra of (a) FeZpssn, (b) Cls, (c) Nls and (d) Ols of a-FeOOH/NH>-MIL-101
. 2
composite.

3.2.3 Iron Oxy-hydroxide MIL composite: Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) is considered a powerful tool to get insight into the

electrochemical behaviour of MOF-based composite system.”*>% Figure 52a compares the Nyquist

plots (real part vs imaginary part of the impedance) of a bare Cu foil (black squares), amorphous

sol-gel iron oxides/hydroxides (top inset) and a-FeOOH/NH,-MIL-101 composite (bottom inset).
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Figure 52: (a) Nyquist plots of a Cu foil (black squares), iron oxides/hydroxides (red triangles), a-
FeOOH/NH>-MIL-101 composite (blue circles) recorded at 0 V vs open circuit potential with a 10
mV superimposed AC voltage in the frequency range 10°+10"" Hz in 0.1 M KCI electrolytic solution
containing 5 mM [Fe(CN)g/ 4 The insets are the magnified region of the Nyquist plots of the iron
oxides/hydroxides film (top inset) and o-FeOOH/NH>-MIL-101 composite (bottom inset); (b)
Equivalent circuit model used for the fit of the Nyquist plots: an equivalent series resistance (ESR)
is connected in series with a constant phase element (CPE) in parallel with the charge transfer
resistance (R.) and a Warburg element ( w).??

Sample Resr [Q] Re [Q] Ay [Qs CPE [Fs™"] n

Cu foil 4043 52014354 90124765 (2.02+0.07) 10°  0.885:£0.004
Iron OX‘deff’l/iydrOX‘des 2041 1157+39 958+57  (6.6£0.1)10°  0.673+0.002
“‘FCOO}IIQ\IIHZ'MIL' 4441 1117473 10874283 (5.3£0.2) 10°  0.663+0.005

Table 9: Fitting parameters obtained from the equivalent circuit model reported in Figure 52b.
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All plots display a semicircular arc in the high frequency region and an almost straight line in the
low frequency region. The beginning of the semicircle is the equivalent series resistance (ESR),
which represents the combined resistance of the electrolyte, active material/substrate interface and
substrate. The semicircle is due to the double layer capacitance, described by the constant phase
element (CPE) to take into account the non-ideality of the capacitor, in parallel with the charge
transfer resistance at the electrolyte/electrode interface (R ). The straight line is related to the
diffusion resistance of the ions within the electrode material and is represented by a Warburg
element (CPE with 45° phase) in series with R.. This peculiar shape can be fitted based on the

equivalent circuit model reported in Figure 52b.%!

The resulting fitting parameters are reported in
Table 9. Except for the ESR values, the iron oxides/hydroxides film and the a-FeOOH/NH,-MIL-
101 present similar circuit parameters, as expected from the very similar impedance curves shown in
Figure 52a. In fact, ESR reduces after the sol-gel deposition of the iron oxides/hydroxides film
(40—22 Q) and increases after the formation of the hybrid NH,-MIL-101 structure (22—44 Q) due
to the lower conductivity of the MOF. However, the R of the the iron oxides/hydroxides films and
of the a-FEOOH/NH,-MIL-101 samples is almost the same (~1100 ) and it is significantly lower
than the one of the Cu foil (~5000 Q). Moreover, the CPE values of the iron oxides/hydroxides film
and of the a-FeOOH/NH,-MIL-101 are similar (~50-65 pF s("'l)) and obviously higher than those of
the Cu foil (~2puF s™") because of their larger surface area. Also, the value of n indicates that the
capacitive behavior of the Cu foil (n=0.885) is close to that of an ideal capacitor (n=1), while both
the iron oxides/hydroxides film and a-FeOOH/NH,-MIL-101 (n~0.67) behave like non-ideal
capacitor due to their porous nature. Finally, the value of the Warburg coefficient Aw of the iron

oxides/hydroxides film and a-FeOOH/NH,-MIL-101 suggests an easier diffusion of ions within the

electrode. Therefore, the o-FeOOH/NH,-MIL-101 composite electrode offers the synergistic
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properties of the two components (a-FeOOH and MOF) without deteriorating the electrochemical

features of the classical iron oxides/hydroxides electrodes.
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Chapter4

4 Octahedral Silicon Nanoparticles: an Innovative Negative
Electrode Material in Lithium Cells

The use of Si nanocrystals instead of bulk Si is considered a good strategy to overcome the well-
known poor bulk-Si anodes cyclability and quick fading in electrochemical performances.”**> With

respect to other conversion-type anode materials, like graphite, Si is an alloying element that

263,264

guarantee different Li,M phases formation as reported in Figure 53.

Si crystal

Conversion

Theoretical capacity:
3579 mAh/g
(Liy75Si)

Figure 53:Lithium Alloying into Si crystal with the formation of Li;sSiy phase at room temperature.
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At room temperature, the maximum possible Li insertion into Si crystal leads to Li;sSis alloy in
which Si host lattice can host 3,75 atoms of Lithium. The theoretical capacity associated to Li;sSiy
formation is 3579 mAhg’, very close to capacity value of metallic Li (3860 mAhg").2®>2¢¢-2¢7
However, the lithium insertion causes the volume expansion of Si lattice up to 400%, much more
pronounced during first discharging process, that represents a critical activation step for Si crystal

and it involves the formation of Li,Siy amorphous phase.?*

To date, in the literature there are reported several examples of LIBs based on Si thin films and/or
nanowires, nanotubes and spherical Si nanoparticles with size smaller than 150 nm in order to
increase the diffusion of Li ions along the surface and, therefore, enhance the rate of
charge/discharge cycles,*%2%%-270-271-272

In this context, a new technology of lithium ions battery was developed using octahedral Si
nanoparticles (Si-NPs) as active material. The novel octahedral shape and the peculiar
morphology, coupled with larger size, have allowed to bear the large volume change of the Si due
to the lithiation / delithiation process showing excellent electrochemical performance in terms of
Lithium loading and cycling reversibility. The nanoparticles have been synthesized using chemical
vapor deposition assisted by inductively coupled plasma (ICP-CVD). It consists of high-density
plasma synthesis, a versatile processes method in the synthesis of Si-NPs. This process is solvent-
free, is fully compatible in any industrial plant and is easily up-scalable on very large substrate
area. Thanks to the intrinsic characteristics of ICP-CVD system, it has been possible to obtain,
through low-cost and low-temperature synthesis, a variety of Si-NPs in terms of crytalline
structure, size and chemical composition. Intrinsic Si-NPs with size between 50 and 250 nm were
synthetized by simply increasing the process time maintaining contant the precursor gas mixture.
In contrast adding a gas containing P or B we obtained doped Si-NPs of the desired size. The
relationiship between Si-NPs size and electrochemical Li loading has been studied by varying the
operating conditions of the galvanostatic cycling experiments and it has allowed to select the
suitable size to design a novel anode material composite. Once the best size has been selected,
phosporous and boron doped Si-NPs have been carried out. The n- and p-type Si-NPs has been
achieved not only to increase the electrical conductivity of the Si but also to investigate as the
dopant’s insertion influences the morphology of the Si-NPs and therefore the Li" accommodation

in the crystal structure during the charge/discharge process.
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Finally, Si-NPs were functionalized with ZIF-8 in order to develop an advanced integrated anode
based on active Si-NPs and flexible solid-state electrolyte. By considering the electrochemical
outcomings of ZIF-8 reported on Chapter 2, the ZIF-8 coating should act as efficient host for lithium
ionic liquids (LIL) and guarantees a hybrid porous network where the lithium ions freely move. The
hybrid micro-porous network of the ZIF-8 combined to the peculiar morphology of Si-NPs will lead
to develop a high-capacity anode capable to overcome drawbacks of a pure Si electrode, like its
large volume change following the lithiation processes and the instability of SEI interface. Si-NPs
functionalization with ZIF-8 was a simple and cost-effective process carried out through the direct
growth from solution. By varying the synthesis parameters, it has been possible to obtain Si-NPs

with a different shell in terms of morphology, crystallinity and coating porosity.
In detail, the chapter is articulated in:

e The description of the CVD processes and an outline of the inductively coupled plasma
reactor;

e Formation mechanism of octahedral Si-NPs by means ICP-CVD and their characterization
by TEM analysis;

e Electrodes preparation and their assembly in lithium ion battery;

e Study of the role of the sizes of the intrinsic Si-NPs on the electrochemical perfomances
through charge-discharge cycling and voltage profile;

e Electrochemical Li loading of n-type and p-type Si-NPs investigated through galvanostatic
measurements;

¢ Functionalization of Si-NPs with ZIF-8 through two different synthesis protocols.

4.1 Chemical Vapour Deposition: ICP-CVD system.

Chemical Vapour deposition (CVD) is one of the more common chemical process to the synthesis
of Si thin film.?”**"**"> With respect to physical vapour deposition methods, like sputtering and
evaporation, CVD involves a chemical conversion from gases precursors to a solid deposit.*’® It

offers several advantages, like:

128



1) a variety of layers depending on gas precursors;
i) a controlled layer thickness with low surface roughness;
1i1) the capability of coating complex shapes;

1v) a high deposition rate.

Figure 54 shows the typical steps of the nucleation and the growth of the chemical vapor

deposition process.
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Figure 54: Different steps involved in CVD process.
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The main transport processes and chemical reaction involved in CVD are:

1) introduction of the gas precursors in the deposition chamber;
i) gas’s transport and diffusion onto substrate surface;

1i1) chemical reaction between the gas reagents and solid substrate;
1v) nucleation and growth of the deposited layer;

V) desorption of the volatile reaction products from solid surface.

129



There are several CVD systems typologies, but the two main categories are distinguishable from
energy provided as input to activation process: the thermal CVD and the plasma CVD.?"" A
thermal CVD process requires high temperatures (800°C and above) to break the precursors gas
molecule and is out of the scope of this work. Instead we focus only on the plasma CVD that have
the advantage of using much lower temperature (<600°C). These reactors are generally based on a
parallel configuration (Figure 55) in which the two electrodes are the capacitor plates linked by the
radiofrequency and the sample stays in between the two electrodes. Thanks to the use of a plasma,
the substrate temperature can be lowered in 350-600°C range. Among them a subcategory is
represented by the Inductively Coupled Plasma Chemical Vapour Deposition (ICP-CVD). Thanks
to its vertical geometry, contrary to capacitive plasma configuration, ICP-CVD is based on an
inductive coupling of the plasma allowing a much more plasma density (up to 10"ions /em?).
27827 High density plasma is so effective that the sample is located outside the radiofrequency

region and furthermore the substrate can is kept near room temperature (70°C) *****! involving the

formation of a compact amorphous layer trough ionization reactions (/-2):

SiHs+e¢ 2> SiH; +H+¢ (1)
SiH, + ¢ > SiH;s" + H +2¢" )

When using a high plasma density in combination with a sufficiently high pressure, the reactive
ionized species are so closely packed that Si radicals coalesce in the gas phase promoting the Si
nanoparticles formation and limiting the Si amorphous deposition through electron impact

. .. . . 282,283,284
dissociation reactions like (3-6): 2825328

SiH, +¢ > SiH,” = SiHy +H (3)
SiH3 + SiH4 = Si,Hs + H, (4)
SipHs™ + SiH4 = SisH7 + Hp (®))
SinHon1” + SiHs =2 SineiHomogy3™ + (1+q) Ha (6)
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Figure 55:(a) 3D schematic of plasma reactor where the mass fraction of SiH, is shown as colour-
map: the colours of isothermal surfaces indicate the gas temperature in K; the arrows indicate the
fluid flow; (b) Electron density map in colour scale in an axial symmetric section of the plasma
reactor: the lines’ colour of the isothermal surfaces indicates the electron temperature in eV.**

Figure 55a shows a schematic of the inductively coupled plasma reactor: cylindrical plasma
chamber, surrounded by coils, on top of the deposition chamber where the substrate (green) is
positioned. The two parts of the reactor are in communication thanks to a disk with several holes.
The arrows describe the fluid flow. Ar flux is injected homogeneously from the top of the plasma
chamber, while the process gas (SiH4 and, if needed for doping, a mixture of SiH4 and phosphine,
PH;, and/or trimethylborane, TMB) inlet is in the deposition chamber. The coloured part represents
the mass fraction of SiH4. The largest portion of SiHy is confined in the deposition chamber,
although a not negligible part of the fluxed gas goes inside the plasma chamber. Colours in Figure
55a indicate the gas temperature at isothermal surfaces: it is higher in the core of the plasma
chamber, but it is relatively low close to the substrate. Figure 55b shows an axial-symmetric
section of the plasma reactor. The coloured part represents the plasma region. Here, the colour
scale depends on the electron density which is higher in the core region of the plasma chamber
with respect to the outer one. Coloured lines in Figure 55b represent the iso-temperature lines in

terms of electron temperature.
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4.1.1 Formation Mechanism of Si-NPs and structural characterization by TEM analysis

In the typical experimental setup, Ar gas flows through the cylindrical chamber and is excited by
radio-frequency (RF) to form an high-density plasma (2+6 x 10'" ions/cm®), the SiH, is injected at
near the substrate and is decomposed by the large amount of electrons coming out from the plasma
region. An argon-silane (Ar-SiH,) gas mixture is formed at low pressures in a cylindrical reaction
chamber with 6 inches of diameter. Radio-frequency power of 500 W at 13.56 MHz is applied
through a matching network to the two copper ring electrodes. The reflected power is only a small
fraction (<1 %) of the forward power. Base pressure is as low as 5x107 Torr. Typical flow rates
are 20 sccm for SiHs and 1 sccm for Ar that is used just to ignite the plasma. The non-thermal
synthesis and the low operating pressure allow to achieve larger Si clusters limiting amorphous Si

deposition.
The ICP-CVD key parameters that control the Si-NPs deposition are:

1) radio-frequency power;
i1) pressure;
1i1) gas flux;

1v) time.

The critical parameter is indeed the pressure because at low pressure Si radicals are not close
enough to coalesce into the Si-NPs and in contrast a sufficiently high pressure triggers the
synthesis of Si-NPs. The RF power and gas flux determine the density of Si-NPs, whereas the size

is controlled by the process time.

Shorter times (2-9 s) involves isotropic growth with the formation of spherical nanoparticles
(Figure 56a - 56b). By increasing the deposition time (from 20 and up to 90 s) Si-NPs undergo a
volume expansion and their growth is strictly dependent on crystallographic orientations,
promoting the transformation of the sphere into an octahedron where the most energetically

favoured planes limit the size growth. (Figure 56¢ - 56d).
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Figure 56: Structural evolution of Si-NPs with the increasing deposition times detected through
TEM analysis

In order to investigate as the Si-NPs size condition the electrochemical Lithium loading, Si-NPs
with size in the range 50-200 nm were synthetized by varying the process time from 5 to 90 s. In
addition, n and p-doped Si-NPs were obtained by introducing a low amount of phosphine and
trimethylborane as precursor gases. The presence of any other species in the gas mixture indeed

alters the evolution path of the Si-NPs formation.

Intrinsic and doped Si-NPs obtained after 90 s are still characterized by an octahedral shape, 2*¢*’

as reported in Figure 57, but with different crystallinity degree. The instrinsic Si-NPs are fully

crystalline octahedrons (Figure 57a) exposing large {111} planes, because of their lower surface
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energy with respect to {311} and {110} planes that, in fact, have smaller surface and form the tip
and they are also present along the Si-NP edges (not-visible through TEM image). Diffraction
pattern of Si-NPs (inset Figure 57a) is that of a perfect Si lattice. By introducing PH; and TMB,
respectively, as dopants in the deposition chamber Si-NPs (Figure 57b) has a core-shell structure,
where the core is again fully crystalline but it is surrounded by a defective shell as seen in the inset
in Figure57b. In fact, differently from the diffraction pattern of crystalline Si lattice as reported in

Figure 57a, extra spots from twins and stacking faults defects are visible near the spots.

a) 100 nm

Figure 57:TEM images of (a) intrinsic and (b) doped-Si-NP after 90 s plasma process. While the
intrinsic Si-NPs are fully crystalline, the P-Si-NPs consist of a perfect crystalline core surrounded
by a defective shell. In the inset their corresponding diffraction.

In order to implement these Si-NPs into the battery anode the synthesis process has been repeated as
many times as needed to obtain a few tents of mg. SEM morphology of Si-NPs reported in Figure 58
confirms the formation of a porous layer composed of well-separated octahedral Si-NPs stacked in

288
columnar structures.
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Figure 58: SEM image of a 2um thick-layer consisted of octahedral Si-NPs.”*

4.2 Electrodes Preparation and their assembly in LiBs

In order to investigate as the size of Si-NPs and the peculiar octahedral shape determine the
electrochemical performances of Lithium cells, small (15s), medium (45s) and large (90s)
octahedral Si-NPs with size in the range between 50 and 200 nm were synthetized. The typical
preparation route of electrode negative involves the realization of a mixed slurry past using carbon
as additive, a polymer as binder such as polyacrylic acid (PAA) or polyvinyldenfluorure (PVdF) and
a suitable solvent to guarantee a suspension stability, like N-methylpirrolidone (NMP). Being the
carbon ductile and highly conductive it allows to bear the Si volume variation reducing the capacity
loss due to irreversible reactions. Whereas, polymeric binder allows to homogeneously deposit the

mixed slurry paste on Cu surface, employed as common collector.

Figure 59 shows the different steps of the electrode manufacture. The Si-based anodes have been
prepared from a suspension in NMP in which Si-NPs, carbon and PAA, are mixed in the 3:1:1

weight ratio.
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Drop casting in air followed by pyrolysis

AV S C-additive BT
—— Drop casting

NMP NMP suspension
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Drying in
vacumm @ 120°c
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NMP evaporation
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25 25 il 833
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Optimized parameters:
Pyrolysis environment (vacuum, Ar, Ar/H,)
Gas flow rate (40, 80, 120 mL min™")
Pyrolysis temperature (750, 700, 650 °C)

Figure 59: Electrode preparation based on the deposition of the mixed slurry paste consisted of
PAA, C additive and Si-NPs on Cu surface and the following pyrolysis processes.

The mixture has been ultrasonicated for 20 minutes and 50 pL of the final dispersion were drop-cast
onto a 15mm? copper disk and dried under vacuum at 70 °C to evaporate the NMP. The as-prepared
electrodes are placed at the center of a quartz tube furnace for a pyrolysis process in the range 650-
750° C optimized by varying the gas mixture (vacuum, Ar and Ar/H,) and gas flow rate (from 40 to
120 mL/min). Finally, the dry process at 120 °C in vacuum, has permitted to complete the polymer
degradation in order to obtain carbon/Si composite (0.25 mg/cm?) deposited on Cu surface

uniformly.

The cells were assembled in the Ar glove box kept in anhydrous atmosphere (H,O < 0.1 ppm) and
by using El-Cell Std as devices (as reported on Chapter 2, Figure. 33, 34, 35), the lithium foil as
counter electrode and LP30 as liquid electrolyte, consisted of a 1 molality solution of
hexafluorophosphate, LiPFg, dissolved into a mixture of ethylene carbonate and dimethyl carbonate,

1:1 in volume. Galvanostatic cycling of (+)Si-NPs/ EC:DMC 1:1 LiPF4 (1molality 25 pL cm™ /Li(-)
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were carried out in the range 10 mV-2 V during the activation step at current density of C/33 and in
the range 0.1-1 V for the following cycles at C/10 in order to stabilize the initial amorphization of

Si-NPs and to investigate the reversibility of redox charge-discharge processes.

4.2.1 Electrochemical Li loading of intrinsic Si-NPs

Galvanostatic charge-discharge processes have been modulated at different current density allowing
to prove the considerable electrochemical activity of the Si-NPs and the dependence of the
reversibility of electrochemical Li loading on the Si-NPs size. Figure 60 describes the
electrochemical performance of the (+)Si-NPs/ EC:DMC 1:1 LiPF6 (1 molality 25 pL. cm™ )/Li(-) in
which active material consists of small intrinsic Si-NPs. In particular, Figure 60a and 60b show the
charge-discharge voltage profile as function of the specific capacity at C/10 and C/33 respectively.
By decreasing the current density from 350 mAg™ to 106 mAg™ achieved at C/10 and C/33, the
voltage profile doesn’t undergo notable changes. During the first lithiation detected at C/10, 300
mAhg" capacity coincides with the sloping section of the curve taking place in the 2.2-0.1 V
potential window accounting for SEI formation at crystals-electrolyte interface. Whereas at C/33,
500 mAhg™" capacity is related to the sloping voltage in the range 2.2-0.1 V. Subsequently, the long-
lasting plateau sets at 100 mV vs. Li"/Li and it is related to amorphization of crystalline Si particles
taking place during the very first lithium insertion, starting at the particle surface and proceeding
internally towards the particle core. The second charge/discharge cycle is characterized by a lower
hysteresis compared to the first cycle and the occurring electrochemical mechanisms are composed
by two pseudo plateaus during the lithiation, taking place at about 0.25 and 0.5 V and a single de-

lithiation plateau, occurring at 0.4 V.
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Figure 60: Galvanostatic characterization of small Si-NPs: a)-b) charge-discharge voltage profile
detected at C/10 and C/33; c-d) charge-discharge capacities detected at C/10 and C/33 (empty
symbols: charge values, filled symbols: discharge values)

The specific capacity of small intrinisc Si-NPs as function of the cycle number detected at C/10 and

C/33 are reported in Figure 60c and 60d respectively, and are summarised in table 10.
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Small Intrinsic Si-NPs

Ist discharge | %Theoretical Lieq. Ist Coulombic Rev. Li eq. 2nd
capacity Capacity discharge Efficiency Ist cycles
mAhg-1 cycle

C/10 2074 58% 2.17 74% 1.12
C/33 2244 63% 2.35 53% 0.77

Table 10: Electrochemical performances of small intrinsic Si-NPs during the 1st and 2nd cycles.

Small intrinsic Si-NPs during the first cycle at C/10 show a discharge capacity of 2074 mAhg™
(Figure 60c) attributable to a Liy ;7S1 alloy formation and reaching to a theoretical capacity of to
58% (vs 3579 mAhg of Si theoretical). In addition; small Si-NPs show a reversible electrochemical
cycling reaching to a coulombic efficiency of 74% and leading to a Li; 1,Si alloy at 2nd cycle. By
decreasing the current density to C/33 (Figure 60d), small Si-NPs show a slight improvement of the
electrochemical performance during the first discharge reaching to a theoretical capacity of to 63%
(vs 3579 mAhg" of Si theoretical) but the Coulombic efficiency decreases to 53%, proving as the

reversible electrochemical Li loading isn’t particularly favoured at lower current density.

The electrochemical Li loading of medium sized intrinsic Si-NPs shows a trend completely
different respect to that one seen for the smaller Si-NPs. By decreasing the current density from
C/10 to C/33, medium Si-NPs present a quasi-ideal behaviour, reaching a discharge capacity of
3522 mAhg™ vs 3579 mAhg™' of Si. In detail, the voltage profile reports in Figure 61a and detected
at C/10 doesn’t show the plateau typical of activation step proving that the Si amorphization
doesn’t take place. Whereas, during the first lithiation detected at C/33, 600 mAhg" capacity
coincides with the sloping section of the curve taking place in the 3.0 - 0.1 V potential range

(Figure 61b). In addition, the long-lasting plateau sets at 100 mV vs. Li"/Li and it results wider
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than the relative detected for the small Si-NPs (Figure 60b). Similarly, the plateau sets at about 0.3
V and it is detected during the first de-lithiation process at C/33 resulting on greater than the
relative seen for small Si-NPs. The second charge/discharge cycle are characterized by two

lithiation plateaus, taking place at 0.25 and 0.5 V, and a two de-lithiation plateau, occurring at

about 0.3 and 0.7 V.
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Figure 61: Galvanostatic characterization of medium Si-NPs: a)-b) charge-discharge voltage
profile detected at C/10 and C/33; c-d) charge-discharge capacities detected at C/10 and C/33
(empty symbols: charge values; filled symbols: discharge values).

The specific capacity of small intrinisc Si-NPs as function of the cycle number detected at C/10 and

C/33 are reported in Figure 61c and 61d respectively, and are summarised in table 11.
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Medium Intrinsic Si-NPs

Ist discharge | %Theoretical Lieq. Ist Coulombic Rev. Li eq. 2nd
capacity Capacity discharge Efficiency Ist cycles
mAhg-1 cycle

C/10 453 13% 0.47 35% 0.17
C/33 3522 98% 3.69 61% 1.38

Table 11: Electrochemical performances of medium intrinsic Si-NPs during the 1st and 2nd cycles.

Medium intrinsic Si-NPs during the first cycle at C/10 show a discharge capacity of 453 mAhg™
(Figure 61c¢), lower than one detected for small Si-NPs and attributable to a Lig 47S1 alloy reaching to
a theoretical capacity of to 13%. In addition; small Si-NPs show a reversible electrochemical cycling
reaching to a Coulombic efficiency of 35% and leading to a Lip;7Si alloy at 2nd cycle. By
decreasing the current density to C/33, medium Si-NPs show an excellent improvement of their
electrochemical performances. In detail, they present a first discharge capacity of 3522 mAhg™
(Figure 61d), really close to theoretical value of the Si anode and reaching a theoretical capacity of
61% attributable to the LisSi phase formation proving as the cycling at C/33 involve a better

amorphization stability and more cycling reversibility.

Despite the overall particle dimension above 200 nm, considered as a threshold value above which
the particles easily crack during the lithiation; the electrochemical Li loading and the cycling
reversibility of the large Si-NPs result very good, particularly at C/33. The first lithiation detected
at C/10, is characterized by two pseudo plateaus at about 1.25 and 0.75 V. Whereas, the first
lithiation, detected at C/33, is characterized by a three pseudo plateaus at about 1.25, 0.75 and 0.3

V and it presents a longer lasting plateau sets at about 0.5 V vs Li'/Li related to amorphization of
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crystalline Si particles (Figure 62a). The first de-lithiation processes of the large Si-NPs show a
voltage plateau at C/33, sets at 0.5V (Figure 62b), whereas the charge process at C/10 doesn’t
show any voltage plateau. In addition, the voltage profiles related to the second lithiation and de-
lithiation processes at C/33 proving as the cycling reversibility of the large Si-NPs improves with

the decrease of the current density.
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Figure 62: Galvanostatic characterization of large Si-NPs: a)-b) charge-discharge voltage profile
detected at C/10 and C/33; c-d) charge-discharge capacities detected at C/10 and C/33 (empty
symbols: charge values, filled symbols: discharge values).

142



The specific capacity of the large intrinisc Si-NPs as function of the cycle number detected at C/10

and at C/33 are reported in Figure 62c and 62d respectively, and can be explained by considering the

table 12.
Large Intrinsic Si-NPs
Ist discharge | %Theoretical Lieq. Ist Coulombic Rev. Li eq. 2nd
capacity Capacity discharge Efficiency st cycles
mAhg-1 cycle
C/10 1614 45% 1.69 34% 0.27
C/33 2177 61% 2.28 45% 0.67

Table 12: Electrochemical performances of large intrinsic Si-NPs during the 1st and 2nd cycles.

Large intrinsic Si-NPs during the first cycle at C/10 show a discharge capacity of 1614 mAhg™
(Figure 62c¢), attributable to a Li; ¢Si1 alloy formation and they reach to a theoretical capacity of to
45%. In addition; the large Si-NPs show a reversible electrochemical cycling reaching to a
Coulombic efficiency of 34% and leading to a Lip»7S1 alloy at 2nd cycle. By decreasing the current
density to C/33, large Si-NPs show better electrochemical performances. In detail, they present a
first discharge capacity of 2177 mAhg™” (Figure 62d), strictly close to theoretical value of the Si
anode reaching a theoretical capacity of 61% and attributable to the Li,»s3Si phase formation
proving as the cycling at C/33 involve a better stable amorphization and more reversible

electrochemical Li loading.

The study of the role of the octahedral Si-NPs sizes on electrochemical Li loading has allowed to
select the better size to limit the deleterious phase transitions commonly occurring during lithium
alloying. With respect to the examples reported in literature, medium intrinsic Si-NPs strongly
activates the electrochemical alloying with lithium showing an excellent reversible cycling ability.
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Medium octahedral Si-NPs not only results a high-capacity anode but also behave as quasi-ideal
negative electrode. This effect is probably due to the novel octahedral shape that is capable of bear

the lithiation stress avoiding the anode disintegration and therefore, limiting the capacity fade.

4.2.2 LiBs Anode based on doped Si-NPs

In order to investigate as the doping of Si-NPs influences the electrochemical Lithium loading, n
and p-type Si-NPs were synthetized by introducing PH; and TMB gases during the process in
addition to SiH4 and Ar. It is way it is possible to modulate the doping levels by varying the gas
fluxes. In contrast to the few examples of doped Si-NPs-based anode reported in literature and
obtained through very high dopant concentrations, here octahedral Si-NPs were doped by employing
a relatively low dopant gas flux. Since medium intrinsic octahedral Si-NPs act as high-capacity
anodes, as reported in the previous paragraph, the same process time (45 s) has been used only
adding the dopant gas to obtain doped Si-NPs. Again, Si-NPs have been deposited on Cu collector
through the same steps reported in Figure 59 and galvanostatic cycling of (+)doped Si-NPs/
EC:DMC 1:1 LiPF6 1 molality 25 pL cm™/Li (-) were carried out by adopting the same current

densities used for intrinsic Si-NPs.

Figure 63 shows the electrochemical performance of the (+) P-doped Si-NPs/ EC:DMC 1:1 LiPFq
Im 25 pL em™?/Li(-) in which active material consists of P-doped Si-NPs. In particular, Figure 63a
and 63b show the charge-discharge voltage profile as function of the specific capacity at C/10 and
C/33 respectively. The first lithiation detected at C/10, is characterized by two pseudo plateaus at
about 1.15, 0.3 V (Figure 63a). The first lithiation, detected at C/33, is characterized by a two clear
pseudo plateaus at about 1.25, 0.8 V and a less well-defined plateau at 0.3 V (Figure 63b). The first
de-lithiation processes of the P-doped Si-NPs doesn’t show any voltage plateau both at C/33 and
C/10 (Figure 63a and 63b). Therefore, by decreasing the current density from C/10 to C/33, the
voltage profile of P-doped Si-NPs doesn’t undergo a specific change.
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Figure 63:Galvanostatic characterization of medium P-doped Si-NPs: a)-b) charge-discharge
voltage profile detected at C/10 and C/33; c-d) charge-discharge capacities detected at C/10 and
C/33 (empty symbols: charge values; filled symbols: discharge values).

The specific capacity of P-doped Si-NPs as function of the cycle number detected at C/10 and at

C/33 are reported in Figure 63c and 63d respectively, and are summarised in table 13.
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Medium P-doped Si-NPs

Ist discharge | %Theoretical Lieq. Ist Coulombic Rev. Li eq. 2nd
capacity Capacity discharge Efficiency Ist cycles
mAhg-1 cycle

C/10 858 24% 0.9 34% 0.3
C/33 1028 29% 1.1 36% 0.3

Table 13: Electrochemical performances of medium P-Si-NPs during the 1st and 2nd cycles.

P-doped Si-NPs show a similar electrochemical performance by decreasing the current density
from C/10 to C/33. Indeed, they present a first discharge capacity of 858 mAhg™ (Figure 63c), that
increases to 1028 mAhg'l (Figure 63d), attributable to a Lig;Si alloy formation at C/33. The
coulombic efficiency of P-doped Si-NPs at C/10 and C/33 is similar and it varies from 34 to 36%,

respectively.

The electrochemical behaviour of medium sized B-doped Si-NPs is described in Figure 64.
Particularly, Figure 64a and 64b show the charge-discharge voltage profile as function of the
specific capacity at C/10 and C/33 respectively. The first lithiation detected at C/10, is
characterized by a sloping section of the curve taking place in the 2.2-0.1 V potential followed by
long-lasting plateau sets at 100 mV vs. Li'/Li and it is related to amorphization of crystalline Si
particles taking place during the very first lithium insertion, starting at the particle surface and
proceeding radially towards the particle core. The first lithiation, detected at C/33, is characterized
by a longer sloping section of the curve taking place in the 3.0-0.1 V. In addition, the lasting
plateau sets at 100 mV and associated to amorphization Si result wider than that one detected at
C/10.
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Figure 64: Galvanostatic characterization of medium B-doped Si-NPs: a)-b) charge-discharge
voltage profile detected at C/10 and C/33; c-d) charge-discharge capacities detected at C/10 and
C/33 (empty symbols: charge values; filled symbols: discharge values).

The specific capacity of B-doped Si-NPs as function of the cycle number detected at C/10 and at

C/33 are reported in Figure 64c¢ and 64d respectively, and are summarised in table 14.
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Medium B-doped Si-NPs

Ist discharge | %Theoretical Lieq. Ist Coulombic Rev. Li eq. 2nd
capacity Capacity discharge Efficiency Ist cycles
mAhg-1 cycle

C/10 1473 24% 1.5 72% 0.7
C/33 2335 41% 24 25% 1.0

Table 14: Electrochemical performances of medium B-Si-NPs during the 1st and 2nd cycles.

B-doped Si-NPs show a first discharge capacity of 1473 mAhg" at C/10 (Figure 64c), that it
increases to 2335 mAhg"' (Figure 64d), attributable to a Li,4Si alloy formation, at C/33 and
reaching a theoretical capacity of 41%, proving as the cycling at C/33 involve a better

amorphization stability and more cycling reversibility.

The electrochemical performances of doped Si-NPs demonstrate as the B-doping strongly activates
the electrochemical alloying with lithium involving better cycling reversibility. As reported in
literature, these effects are probably due to the additional amorphous phase formation, like B4Lis,

after lithtum allowing as reported in literature.
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4.3 Functionalization of octahedral Si-NPs with ZIF-8

Thanks to the peculiar octahedral shape, innovative Si-NPs-based anode has been developed for
LIBs. As above reported, by modulating the size and the chemical composition of Si-NPs it is
possible to optimize the electrochemical Li loading and improve the cycling reversibility. In
particular, medium intrinsic Si-NPs and medium B-doped Si-NPs behave as high-capacity anodes
leading to excellent electrochemical performance in terms of lithium ion uptake and capacity
retention. However, the continue lithiation and delithiation processes will result in a structural
stress and volume variations of also in octahedral Si-NPs, although less evident than in spherical
Si-NPs. In order to guarantee an efficient electric contact and to limit the possible irreversible
processes, the assembly of Si-NPs in a carbon porous matrix leads to a composite thin films
capable of tuning the properties of the electrode/electrolyte interface in the Li cell. The develop of
Si-NPs/ZIF-8 core shell allows to combine the excellent anode properties of Si-NPs with the
partial reversible electrochemical activity of the ZIF-8. The carbon framework of ZIF-8, its
porosity and large surface guarantee a flexible matrix that it should be capable to bear the lithiation
stress and the electrolyte diffusion without compromise the capacity featuring. Therefore, the ZIF-
8 should represent a mesoporous composite electrode and a hybrid solid electrolyte for Li ion

transport.

The present paragraph reports the following studies:

e The chemical composition of octahedral Si-NPs has been investigated through XPS
analysis in order to understand the nature of their surface and to optimize their
functionalization with ZIF-8.

e By adopting different synthesis protocols, it has been possible to modulate the thickness
and the chemical compositions of ZIF-8 coating. Particularly the functionalization of Si-

NPs it has been carried out by using methanol and ethanol as solvent.

4.3.1 XPS analysis of octahedral Si-NPs

Octahedral Si-NPs with a size exceeding 100 nm (45 s process time) in average were synthetized
by means of non-thermal induced coupled plasma chemical vapour deposition. Figure 65 shows

the XPS deconvolution of Si-NPs achieved after 15 min in air.
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Figure 65: XPS deconvolution of Si 2p signal of Si-NPs deposited by ICP-CVD.

Si 2p signal consists of a defined peak centred at 99.3 eV and two broad components at 100.4 and
101.7 eV, respectively. The more intense peak at lower binding energy is attributable to Si-Si
bonds formation,”™ whereas the broader and weaker signals at higher binding energy are due to
the starting oxidation of Si-NPs and SiOy species formation. Particularly, the XPS bands at 100.4
and 101.8 eV are due to Si”' and Si** arising from oxidized Si.**° The surface chemistry of Si-NPs
results similar to hydrogen-terminated Si surface. Indeed, the above described XPS spectrum is
comparable to that one of Si-H surface obtained through HF etching **' and characterized by an

initial oxidation as reported on Chapter 2 (Figure 20).
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In particular, the XPS chemical composition of Si-NPs indicates a hydrogen terminated surface
and therefore, characterized by a greater density of isolated silanols. So doing, Si-NPs should
favourite the imidazole deprotonation and accelerate the they should result quite reactive towards

ZIF-8 functionalization.

4.3.2 Si-NPs functionalization with ZIF-8

Octahedral Si-NPs were deposited on SiO, surface by means ICP-CVD. A radio-frequency power
of 500W was applied and an argon-silane (Ar-SiH,) gas mixture (20 sccm /1 sccm) was used. The
base pressure and the process time were kept at 5x107 Torr and 90 sec, respectively. Two
solutions of 250 ml of Zn(NOs3), (12,5 mM) and 250 ml of Hmelm (25 mM) have been prepared
using either MeOH or EtOH as solvent. During each cycle, the substrates were dipped in a mix
solution consisted of 10 ml Zn(NOs), (12,5 mM) and 10 ml Hmelm (25 mM) for 30 minutes at
room temperature and without stirring.””> Subsequently the samples were rinsed in the reaction
solvent (MeOH or EtOH) and, finally dried under N, flow. From one to ten cycles were performed

in MeOH or EtOH, respectively.

Figure 66a shows the XRD patterns of Si-NPs/ZIF-8 structures obtained after ten deposition cycles
form methanol solution. Respect to the surfaces, Si, amorphous Si and quartz reported on the
Chapter 2, the diffractogram of Si-NPs/ZIF-8 shows not only the main diffraction peak at 7.33
attributable to (011) reflection but also the peaks at 10.3 and 12.7 due to (002) and (112)

reflections.””
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Figure 66: (a) XRD patterns (b) and SEM morphology of Si-NPs/ZIF-8 structures obtained after 10
deposition cycles in MeOH.
Figure 66b shows the SEM morphology of Si-NPs/ZIF-8 structures proving the increase of surface

porosity of Si-NPs due to the ZIF-8 matrix in which the nanostructures are embedded.

Figure 67a shows the XRD patterns of Si-NPs/ZIF-8 structures obtained after ten deposition cycles
form ethanol solution. In this case, any characteristic diffraction signal of ZIF-8 isn't present,
confirming the data reported on the Chapter 2 and; in particular, the lower growth rate in ethanol

solution.
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Figure 67: (a) XRD patterns (b) and SEM morphology of Si-NPs/ZIF-8 structures obtained after 10
deposition cycles in EtOH.

Similarly, SEM image of Si-NPs/ZIF-8 structures obtained after 10 cycles in ethanol shows a less
ZIF-8 deposited indicating once again as the ZIF-8 functionalization form ethanol solution leads to

thinner coating (Figure 67 b).

The chemical composition of Si-NPs/ZIF-8 structures was investigated by XPS quantitative

analysis.
XPS atomic concentration of Si-NPs/ZIF-8 10 deposition cycles
Si 2p Cls O ls N Is Zn 2ps N/Zn
MeOH 2.2 54.9 353 6.1 1.5 4.1
EtOH 15.6 47.1 20.6 12.7 4.0 3.2

Table 15: XPS quantitative of Si-NPs obtained after 10 SOP cycles from MeOH and EtOH
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Table 15 reports the atomic concentration of Si 2p, C 1s, Ols, N 1s and Zn 2p3, for Si-NPs/ZIF-8
structures after 10 deposition cycles from methanol and ethanol solution. It is quite clear as the
synthesis in ethanol solution is slower, leading to a greater contribute of the substrate. Indeed, XPS
atomic concentration of Si 2p is 15.6% vs 2.2% related to the synthesis in MeOH. In addition,
N/Zn atomic ratio results 4.1 and close to the theoretical value (4.0) for the Si-NPs/ZIF-8 achieved
for the synthesis in methanol solution. Whereas, N/Zn atomic ratio is still only 3.2 after 10

deposition cycles from ethanol solution.

In order to prove the high reactivity of Si-NPs towards ZIF-8 functionalization, 1 deposition cycle

of ten minutes was carried out from methanol solution.

As show in Figure 68a the XPS signal of N Is of Si-NPs/ZIF-8 structures obtained after 1 cycle in
MeOH, consists of a single peak centred at 399.3 eV attributable to deprotonated imidazole
nitrogen atoms. The Zn 2ps, XPS signal results a sum of two peaks, one at higher B.E. due to
hydroxides or nitrates presence and one of higher intensity centred at 1023.1 (Figure 68 b), due to

ZIF-8 crystals formation as proved for bulk ZIF-8 and reported on the Chapter 2.

399.3 eV 1023.1 eV
VJ/\% /
: i . )
404 402 400 398 396 1025 1026 1024 1022 1020 1018
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Figure 68: XPS deconvolution of N Is (a) and Zn 2p3,, signals of Si-NPs/ZIF-8 structures obtained
after 1 deposition cycle of 10 min in MeOH.
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Table 16 reports the atomic concentration of Si 2p, C 1s, Ols, N 1s and Zn 2ps3,, for Si-NPs/ZIF-8

structures after 1 deposition cycles from MeOH.

XPS atomic concentration of Si-NPs/ZIF-8 1 deposition cycle from MeOH

Si 2p Cls O Is N s Zn 2psp N/Zn

2.3 65.1 5.7 21.9 5.1 4.3

Table 16: XPS quantitative of Si-NPs obtained after 1 SOP cycle from MeOH solution

N/Zn atomic ratio for the Si-NPs/ZIF-8 structures results 4.3 and the atomic concentration of Si 2p
is very low after 10 min. These outcomes prove as the structure and the surface chemistry of Si-

NPs accelerate the imidazole deprotonation involving very fast ZIF-8 growth.

In summary, the vertical configuration of ICP CVD, involving non-thermal and high-density
plasma synthesis, guarantee the formation of large Si-NPs limiting Si amorphous deposition. In
addition, the intrinsic versatility of ICP CVD process allows to control and modulate the structure
and the chemical composition of Si-NPs. By varying the deposition time, it has been possible to
select the more suitable size to the design of a novel high-capacity active material for negative
electrode in LIBs. Octahedral medium Si-NPs, with size exceeding 150 nm and obtained setting
the time deposition at 45 sec, have showed a quasi-ideal voltage profile during the first discharge
proving as the structure bears the lithiation stress guarantying an excellent electrochemical Li
loading and a reversible electrochemical cycling. The ICP-CVD synthesis of P and B-doped Si-
NPs, obtained through very low dopants levels, has allowed to test how the Si-NPs doping can
avoiding the anode disintegration limiting the capacity fade. Particularly, Medium Octahedral B-
doped Si-NPs strongly activates the electrochemical Li" alloying probably following the formation
of amorphous B4Li5 phases. Finally, the hydrogen-terminated surface of Si-NPs results
particularly reactive towards to the functionalization with hybrid organic-inorganic materials, like
ZIF-8. Indeed, through facile and fast synthesis from solution it has been possible to obtain core-

shell structures characterized by a nanostructured-Si core and a carbon highly porous shell.
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CONCLUSIONS

The present PhD thesis reports the development of innovative and high-capacity anodes for
secondary lithium ion batteries based on octahedral Silicon nanoparticles and hybrid films of Metal
Organic Frameworks as a flexible coatings capable of conducting Li ions, in order to tuning the
properties of the electrode/electrolyte interface in the Li cell and, therefore, boosting the battery

performance.

Zeolitic Imidazolate Frameworks (ZIF-8) and carboxylate-based MOFs (MIL) have been growth on
Si and Cu surfaces from solution through fast and facile routes. The functionalization of Si-based
surfaces with ZIF-8 coating through cyclic processes based on sequential one-pot protocol from a
MeOH or EtOH solution, allowed to understand how the surface chemistry and the solvent control
the film nucleation. The growth rate increases with the polarity of the solvent, and, therefore, thicker
ZIF-8 films were obtained; on amorphous Si, Si and quartz surface, from MeOH solutions with
respect to films grown from EtOH solutions. Similarly, surfaces, like Si and a-Si characterized by a
lower silanol density and a lower amount of oxygen favour the imidazole deprotonation, resulting
more reactive towards ZIF-8 functionalization. A simple SOP synthesis route at room temperature;
without surface pre-functionalization and without using additive, was also used to grow MOFs films
on Cu electrodes for the first time. The high basicity of Cu substrate due to the presence of native
copper oxide on its surface induced fast heterogenous nucleation which leads to a thick ZIF-8 (2-4
um in thickness) film. ZIF-8 / Cu electrodes were therefore developed and assembled in lithium ion
cells. The Li" doped ZIF-8 systems, obtained through dipping into ethanol/water solution of lithium
acetate, allowed to test the effects of Lithium acetate presence in the ZIF-8 matrix on the
electrochemical activity of Cu/ZIF-8 electrode. Results suggest that the acetate group inside ZIF-
8@Li" takes part to LiPFs decomposition and SEI formation, influencing the electrochemical
activity of ZIF-8 film. Galvanostatic characterization and cyclic voltammetry proved that Cu/ZIF-8
electrodes show an intrinsic, in part reversible, electrochemical activity. In particular, the high
porosity and the large surface area of ZIF-8 guarantee a suitable permeability of the electrolyte in
term of charge ionic transfer but do not contribute to a capacity variation. For this reason, Cu/ZIF-8

thin films can be considered promising coating to protect anodes like metallic lithium and silicon
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ensuring the electrolyte diffusion, the electronic insulation and a flexible hybrid matrix suitable to

bear the expansion and the contraction of the anode material due to lithiation delithiation processes.

In addition, host-guest systems consisting of ZIF-8 matrix and dopants like I, and TCNQ, were
obtained through in situ during the synthesis and ex situ post- synthesis. It has been proved that the
insertion of I, into ZIF-8 cavities, guarantees a greater amount of trapped I, with respect to TCNQ,
determining the change of the electrical resistivity from 2.0 x 10° Q, detected for not-doped ZIF-8,
to 4.3 x 10* Q. So doing, it was possible to modulate the electrical resistivity of ZIF-8 by inserting
electron acceptor and donor molecules achieving a responsive coating promising for electrochemical

devices.

Three different synthetic strategy, based on the direct growth of amino functionalized MIL
frameworks on Si surface from dimethyl-formamide solution, were dvelopped to obtain coatings of
iron-based MIL with different thickness and cristallinity. In particular, the presence of acetic acid as
additive, influences the deprotonation of the 2-amino terephtalic acid used as organic linkers,
determining low growth rate. Using this approach, isolated octahedral crystals of NH,-MIL-101
were obtained after 4h; whereas without using acetic acid a denser, bur poorly crystalline coverage
consisting of hexagonal crystals NH,-MIL-88 embedded in a net of tiny NH,-MIL-101 grains was
achieved after 8h. A novel synthetic method based on the direct growth of MIL on a self-assembled
monolayer of 4-vynilbenzoic acid was used to increase the growth rate of MIL on Si without
compromising the film crystallinity. A thin homogenous layer of tiny NH,-MIL-88 crystals
embedded in iron oxides was obtained after only 4 dipping hours. In addition, a novel two-step
synthetic strategy was developed to grow Fe-based NH,-MIL-101 composite films on Cu foils at
low temperature (80°C). An amorphous iron oxides/hydroxydes layer deposited via sol-gel on a Cu
electrode was used to provide, the Fe’™ centers needed for the MOF growth. A a-FeOOH/NH,-MIL-
101 composite film was therefore grown through using an ethanol solution containing the organic
building block only (2-aminotereftalic acid). The proposed synthetic approach is fast, makes use of
mild conditions and so it is a convenient protocol to develop hybrid metal oxide/MOF films. EIS
measurements showed that, despite the poor conductivity of the MOF, resulting in a high ESR
value, both iron oxides/hydroxydes and a-FEOOH/NH,-MIL-101 have similar circuit parameters. In
particular, both systems behave like non-ideal capacitors with a value of charge transfer resistance

of about 1100 Q, which is lower than the Cu benchmark. Despite the insulating character of NH,-
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MIL-101, a-FeOOH/NH,-MIL-101’s unique impedance behaviour makes it a promising electrode
capable of combining the structural and chemico-physical MOF properties with the typical

electrochemical characteristics of iron hydroxide materials.

One of the strenght points of this work is the novel Si anode characterized by a peculiar structure
and obtained through non-thermal, solvent-free and low-cost synthesis based on ICP chemical
vapour deposition. In particular, highly pure, crystalline and mono-disperse Si-NPs of size
exceeding 150 nm with unique octahedral shape that is defined by the <111> planes that are by far
the most stable Si lattice surfaces, were obtained. This specific configuration allows to bear the
lithiation stress avoiding cracking or capacity fade and guarantying an excellent reversible cycling
ability despite the large size proposed with respect to the examples of nanostructured-Si reported in
literature. Indeed, intrinsic Si-NPs show a first discharge capacity of 3522 mAhg™, acting as a quasi-
ideal anode. In addition, the versatility of ICP-CVD allowed to modulate the chemical composition
of Si-NPs carrying out P and B-doped octahedral Si nanoparticles. B-doped Si-NPs activate more
efficiently compared to P-doped the electrochemical Li" alloying guarantying high cycling
reversibility. Hybrid core-shell structures were obtained through the surface functionalization of
octahedral Si-NPs with ZIF-8 frameworks. By optimizing the synthetic condition, using methanol as
solvents and carrying out 10 SOP cycles, it was possible to further increase the surface area of Si-
NPs and to envelop them into a flexible porous matrix in order to stabilize the elelctrode/electrolite

interface which is a key point to develop advanced negative electrodes.
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