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FOREWORD 

The combined challenges of growing population, climate change and 

increasing lack of raw materials are leading to paramount innovation 

in the design of novel devices providing more and more 

environmentally sustainable solutions. After clay and nanotubes, 

graphene and its derivatives have become crucial in the preparation of 

hybrid polymer nanocomposites, being used as an active nanofiller and 

support of freestanding devices as well. Owing to the possibility of 

significant improvement as co-catalyst, graphene materials are widely 

used in combination with polymer-based photocatalysts becoming 

appealing in water purification applications.  

The principal goal of this thesis is to present insights into hybrid 

graphene preparation and characterization describing also a variety of 

polymer synthetic strategies for the development of high-potential 

graphene-based composites.  

I dedicate this thesis to my family and Mario for their valuable support, 

and to my scientific and life mentor Sabrina Carola Carroccio, for her 

patience and advices during my Ph.D. course.  
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INTRODUCTION 

 
                A great variety of articles, patents and reviews have been 

devoted to water purification, being considered a very urgent problem 

for environment, aquatic life and human health. Freshwater scarcity, 

exacerbated by climate change and growing population requires that 

pollutants must be definitively eliminated in water and wastewater 

effluents from both industrial and domestic sources to reuse this 

primary and vital source.  

The water contamination is caused by a number of chemicals that 

includes conventional and emergent pollutants, harmful heavy metals, 

toxic dyes, pharmaceuticals, personal care products, microplastics, 

endocrine disruptor compounds and plasticizers. Therefore, these 

pollutants can cause bio-accumulative, persistent, carcinogenic, 

mutagenic, and detrimental effects on the survival of aquatic 

organisms, flora, fauna, and human health. Hence, providing clean and 

affordable water by removing contaminants is one of the biggest 

challenges to be faced by the modern scientific community.  

In this context, materials science and nanotechnologies have brought 

promising alternatives to the conventional water treatment 

technologies. Through the control of the materials size, morphology 

and chemical structure, nanotechnology offers novel materials with 

exceptional adsorptive, catalytic, optical, electrical and/or antimicrobial 

properties that enhance treatment cost-efficiency. Graphene, since its 

discovery in 2004 by A.Geim and K. Novoselov, has attracted a lot of 

attention, thanks to its outstanding mechanical, thermal, optical, and 

electrical properties. More importantly, graphene with its high 

theoretical specific surface area of 2600 m2/g provides a rich platform 

for surface chemistry. Furthermore, the large surface area combined 

with its outstanding electron-acceptor properties, make graphene 

materials ideal candidates for the preparation of composites in water 

treatment technologies. Indeed, the design of graphene hybrid 

nanomaterials for both adsorption and photocatalytic applications is 

one of the most attractive strategies in the field of water remediation. 
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Figure 1.1 shows the number of publications on graphene-based 

research by using as keywords the terms “graphene”, “water” and 

“pollution”. Notably, a significant growth rate from year 2010 with more 

than 3.000 publications is displayed along with a rapidly increase since 

2014, reaching a number of about 29.000 publications in 2019. 

Figure 1.1 Number of papers in the field of the water purification 

(Scopus research about last 10 years, combining the key words: 

“graphene” and “water” and “pollution” since 2010). 

 
This thesis contains three chapters that cover the state of the art of 
relevant topics on preparation, characterization and applications of 
hybrid polymers graphene-based materials. In particular: 
 

 Chapter 1 introduces the advantages in the use of heterogeneous 
photocatalysis for water purification and the role of graphene-based 
photocatalytic composites to remove conventional and emerging 
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pollutants. Furthermore, a brief overview on the benefits by 
combining graphene composites with polymers is also provided; 

 Chapter 2 presents the design and formulation of hybrid graphene-
based composites as new photocatalytic systems for degradation of 
conventional and emerging pollutants in water. In particular, high-
quality graphene materials coated by porphyrin-based polymers 
photocatalysts will be presented; their photocatalytic activity are 
studied, and eventually a photocatalytic degradation mechanism is 
proposed. Furthermore, Radical Addiction Fragmentation Transfer 
polymerization technique for the synthesis of novel porphyrin-based 
polymers will be described. 

 Chapter 3 is focused on the preparation of innovative 
nanocomposites based on a polymeric cryogels containing 
graphene oxide and ZnO nanostructures. Particularly, sponges 
enriched with ZnO by ALD acquire photocatalytic properties, 
allowing recyclability after their irradiation by UV light. In particular, 
will be demonstrated how cryopolymerization allowed by combining 
tailored individual components afford special features to the final 
sponges, making them an effective strategy for improving the 
removal and the degradation of contaminants in water. 
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1.1 Water pollution  
 

 “Thousands have lived without love, 
 not one without water”  

W. H. Auden  
 

Even if all of us know that water is crucial for life, we waste it anyway. 
From macropolluttants to invisible chemicals, a great variety of 
contaminants end up in our world's water sources such as lakes, rivers, 
streams, groundwater and eventually the oceans. Water contamination 
has drastically contributed to a freshwater crisis, threatening the 
sources of water supply. The global water demand has critically 
increased in the last 100 years estimating also that it will continue to 
grow with a rate of about 1% per year as a function of the growing 
population, climate change, economic development and many other 
factors [1]. Therefore, to better address this aspect, it is necessary to 
in deep understand what is meant for water pollution. The pollution 
term come from the Latin word “polluts”, which means contaminated. It 
can be further defined as the introduction of hazardous substances into 
the environment, harmful for any living organism, resources, 
structures, amenity and ecological systems. Given that, water pollution 
can be considered as the contamination of the water bodies (lakes, 
rivers, oceans, and groundwater) and it can be categorized into two 
groups: point sources and non-point sources.  
The pollution point sources are those that come from a single location 
and can be directly checked, monitored and regulated. This class 
includes discharge pipe attached to a factory, oil spill from a tanker, 
both municipal and industrial wastewater effluent.  
The non-point source contamination is referred to pollutants derived 
from diffuse sources, difficult to identify and regulate. These may 
comprise for example agricultural and rainwater runoff or waste blown 
into waterways from land.  
In Figure 1.2, different types of the most relevant water pollutants are 
showed, including emerging inorganic and organic compounds, dyes, 
heavy metals, pesticides, biocides and pharmaceuticals. 
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Figure 1.2. Main water contaminants [Adapted from Ref. [2] with kind 
permission of Elsevier]. 
 
Most of these undesirable chemicals, biological contaminants, 
suspended solids and gases, cannot be eliminated naturally from 
water, and depending on the intended use of water, it is necessary 
remove them by using physical, biological or chemical processes, 
avoiding at the same time secondary contamination for the 
environment caused by the treatment itself. 

 

1.2 Purification methodologies  

During the beginning of the twentieth, a multitude of techniques 

currently used were developed and optimized to remove contaminants 

from water. These processes, classified as conventional methods, 

include adsorption, coagulation, flocculation, sedimentation and 

filtration, followed by disinfection [3]. However, such techniques suffer 

of several limitations. Adsorption or coagulation only concentrate the 

contaminants by transferring them from one phase to another one, 

without a complete elimination. Other conventional methods such as 

sedimentation, flocculation, filtration, involve high operating costs, 

releasing also more toxic by-products into the environment. In addition, 

chlorination methods, the most commonly and widely used disinfection 

processes, cause the generation of secondary pollutants that are 
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mutagenic and carcinogenic to human health [4,5]. In light of this, 

scientific community concentrates its attention to find alternative, 

environmental-friendly and cheapest solutions. Thus, advanced 

technologies were established over this time to satisfy more complex 

final user goals, such as the removal of carcinogenic and endocrine 

disrupting chemicals, toxic volatile organic compounds (VOCs), 

personal care products (PCPs), pesticides and cyanotoxins. They may 

include membrane filtration, adsorption onto non-conventional solids, 

advanced oxidation processes (AOPs) or electrochemical oxidation. 

The Figure 1.3 summarize the available conventional and advanced 

water purification methodologies.  

  

Figure 1.3. Available technologies for contaminants removal from 

water [Reproduced from Ref. [6] with kind permission of Springer].  

Furthermore, during the twenty-first century new exciting opportunities 

to the water treatment systems come from with the use of the 

nanotechnologies. Nanomaterials have structural features significantly 

different from corresponding bulk materials possessing enhanced 

performances when used in similar applications. This is mainly due to 

the large surface area to volume ratio of nanomaterials that leads, in 

comparison with conventional materials, to higher ratio between atoms 

on the surface and those within. As a consequence, lower molar 

concentrations of nanomaterial, compared with the corresponding bulk 

materials, are required with obvious advantages in reduction of costs, 

fast dissolution and strong sorption. Furthermore, nanomaterials 

possess enhanced reactivity, sub-surface transport, and/or 

sequestration characteristics. Hence, by controlling material size, 
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morphology and chemical structure, nanotechnologies represent a key 

role in the development of novel materials with exceptional catalytic, 

adsorptive, optical, quantum, electrical and/or antimicrobial properties, 

able to boost both basic and advanced water treatment processes. 

 

1.3 Advanced oxidation processes 

Advanced oxidation processes (AOPs) are described for the first time 
by Glaze et al. in 1987 as water treatment methods which involve the 
production of highly reactive molecules, such as hydroxyl radicals, in 
“sufficient quantity to effect water purification” [7]. If compared to 
conventional separation methodologies, which only transfer the 
pollutants from one phase to another without destroying them, AOPs 
offer the advantage to remove contaminants definitively with high 
reaction rates, preventing at the same time the generation and disposal 
of secondary waste materials. Additionally, the non-selectivety offers 
the opportunity to use AOPs for a wide range of contaminants. 
For these reason, AOPs can be considered superior processes that 
are very effective in the treatment of conventional and emerging 
organic toxic compounds without high energy consumption (see 
Figure 1.4). 
 

 
Figure 1.4. Application fields of AOPs [Reproduced from Ref. [8] with 
kind permission of Elsevier]. [8] 
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The fundamentals steps involved in AOPs can be summarized as 
follows: 
1. The production of strong oxidants like OH•, HO2

•, O2
•2,1O2 etc. also 

called reactive oxygen species (ROS); 

2. The produced ROS react with organic contaminants present in the 
water converting them into biodegradable compounds; 

3. The oxidation and mineralization of the biodegradable intermediates 
in water, carbon dioxide, and inorganic salts. 

Until now, several AOPs have been efficiently proposed for the 
degradation of contaminants. They can be distinguished into two main 
groups: photochemical and non-photochemical AOPs [8]. Some 
common photochemical and non- photochemical AOPs are reported in 
Table 1.1 
 

 

 

Table 1.1 AOPs: photochemical and non-photochemical processes 
 
Non-photochemical AOPs usually involve the use of strong oxidizing 
agents like hydrogen peroxide (H2O2), ozone (O3) or catalysts such as 
iron ions, electrodes and metal oxides. Differently, the photochemical 
AOPs use irradiation (UV light, solar light, ultrasounds) to activate the 
catalyst. The latter are considered the most attractive methods being 
simple, clean, relatively inexpensive, and more efficient than chemical 
AOPs. Photochemical AOPs, such as photolysis (H2O2/UV), photo-
Fenton process (H2O2/Fe2+/UV), and heterogeneous photocatalysis 
(catalyst/hv) have been widely used to degrade or mineralize organic 
pollutants in water. In particular, the photo-Fenton process, compared 
to photolysis, is considered the best method to rapidly decompose a 
great variety of conventional and emerging pollutants with low energy 
consumption. However, the main limitation in the use of photo-Fenton 

Photochemical AOPs Non-photochemical AOPs 

Photolysis (UV + H2O2) Ozone (O3) 
Photocatalysis (Light + Catalyst) Fenton (Fe2+ + H2O2) 
Photo-Fenton (Light + Fenton) Electrolysis (Electrodes + Current) 
 Sonolysis (Ultrasound) 

 Microwaves + H2O2 
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method is the production of a large quantity of ferric-hydroxide 
molecules at pH values higher than 4.0 [9,10]. Additionally, post-
recovery of the catalyst is difficult, being also misplaced in the sludge. 
These drawbacks can be overcome by considering heterogeneous 
photocatalysis. The latter, uses a photocatalyst having the possibility 
to be removed after the purification process, allowing also the 
decontamination of water in a wide range of experimental conditions 
without high energy and cost consumptions. 
 
 

 

1.4 Heterogeneous photocatalysis 

Heterogeneous photocatalysis represents one of the most promising 
AOPs, as a cheapest and eco-friendly method to mineralize completely 
organic pollutants as well as metal ions [11]. Photocatalysis was 
introduced for the first time at the Institut de Catalyse and at the 
Université Claude Bernard in Lyon (France) in 1970, and from this date, 
it demonstrated potential uses not only in environmental field, but also 
for medical and structural applications (see Figure 1.5). [11,12]. 
Photocatalysis uses photon energy converting it into chemical energy, 
necessary to induce several reactions at the photocatalyst surface. 
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Figure 1.5. Potential applications of heterogeneous photocatalysis 

[Reproduced from Ref. [11] with kind permission of IOP Publishing]. 

[11]. 

Photocatalysis research area is devoted to explore new molecules and 

their potential in different field of applications. In the case of water 

purification field, the generated energy is converted to produce 

Reactive Oxygen Species (ROS) able to degrade the contaminants. 

The overall steps involved during the photocatalytic degradation of 

pollutants in water can be summarized into the follows [12]: 

1. Migration of the pollutants from the liquid phase to the photocatalyst 

surface. 

2. Adsorption of the pollutant onto the photocatalyst surface. 

3. The generation of reactive oxygen species followed by the chemical 

degradation of the pollutants. 

4. Desorption of the intermediate or final products from the 

photocatalyst surface and migration into the liquid media. 
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Many organic and inorganic photocatalysts have been extensively 
used in water purification and disinfection. Organic dyes like porphyrins 
or phthalocyanines are used as photosensitizers, while the most 
common used inorganic photocatalysts are TiO2, ZnO, ZnS, CdS, 
Fe2O3, and WO3 [13]. The main difference in the use of inorganic or 
organic photocatalysts principally depends on the light energy required 
to activate their photochemical process. Specifically, semiconductors 
require the UV-A range (λ<400 nm), whereas the photosensitizers 
need the visible-light range (400-800 nm). 
In the next paragraphs the photosensitization processes of these two 

classes of photocatalysts will be in deep described.  

 

1.4.1 The visible-light photocatalysis 

The photosensitization process in water principally involves three com- 

ponents: photocatalyst, light, and oxygen. By irradiation at appropriate 

wavelengths, production of ROS occurred. As reported in the previous 

paragraphs, ROS are capable to oxidize organic pollutants into CO2 

and water and are naturally cytotoxic destroying unwanted 

microorganisms, acting also a disinfection process (see Figure 1.6).  

 

Figure 1.6. The Jablonski diagram [Adapted from Ref. [13] with kind 

permission of Hindawi] 
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Depending on the nature of the photocatalyst, the photodynamic action 

proceeds through type I or type II mechanism (schematized in Figure 

1.6) or both. Type I mechanism involves electron transfer from excited 

sensitizer to substrate molecule or oxygen yielding free radicals and 

superoxide ion, whereas in type II mechanism energy transfer between 

photosensitizer and oxygen produces singlet oxygen. [13] Organic 

photocatalysts (photosensitizers) commonly used in the 

photodegradation of contaminants are summarized in Figure 1.7 [14]. 

They possess evident chemical diversity, ranging from aromatic to 

heteroaromatic rings, porphyrins and phatocyanines. However, all of 

these classes of molecules absorb light in the visible range (400-800 

nm) and Figure 1.8 represents their most significant absorption bands. 

 

Figure 1.7. Structures of the most common organic semiconductors 

[Adapted from Ref. [14] with kind permission of the ACS]. 
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Figure 1.8. Absorption in the UV-Visible range of the organic 

photocatalysts [Adapted from Ref. [14] with kind permission of the 

ACS]. [14].  

 

For such kind of molecules, the excitation process is achieved by the 

electron transfer from their ground state (S0) to the singlet excited state 

(S1∗). 

S0+ hv→ S1∗ (1) 

Thus, different pathways can occur:  

(S1∗) can undergo intersystem crossing (ISC) to give the triplet excited 

state (S3∗); then (S1∗) and (S3∗) can relax to the ground state resulting 

in fluorescence and phosphorescence processes, respectively [15,16] 

Intersystem crossing (ISC) S1∗ → S3∗ (2) 

Relaxation S1∗ → S0 + hv (fluorescence) (3) 

Relaxation S3∗ → S0 + hv (Phosphorescence) (4) 

Otherwise, since (S3∗) possesses a longer lifetime than (S1∗), it can be 

subject to electron transfer (type I mechanism) or energy transfer (type 
II mechanism) to another molecule [16]. As it can be possible to see 
from equations (5) and (6), in presence of oxygen, the photosensitizer 
can transfer its energy to the oxygen triplet ground state (3O2) giving 
singlet oxygen, which is considered the most reactive ROS (equation 
5). Alternatively, by the type I mechanism, in presence of oxygen, 
superoxide radicals can be produced (equation 6).  
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Electron transfer (type I) S3∗ +O2 → S
∙+ +O2

∙- (5) 

Energy transfer (type II) S3∗+ 3O2 → S0+ 1O2    (6) 

Beyond the opportunity to use photosensitizers under visible-light 
irradiation, taking advantage in the use of the sun as the most available 
and environmentally-friendly energy source, they are able to produce 
singlet oxygen, which is considered the most cytotoxic ROS. However, 
many improvements in the visible-light photocatalysis have to be 
carried out to overcome some drawbacks. For instance, some visible-
light molecules require to be synthesized, hence increasing their 
production cost. More importantly such kind of molecules are 
susceptible to photobleaching reducing drastically their stability during 
the photocatalytic degradation process.  

1.4.2 Uv-based photocatalysis  

Semiconductors such as TiO2, Fe2O3, WO3, ZnO, and CdSe are widely 

used for photocatalytic applications. If compared to the 

photosensitizers, also in the case of inorganic semiconductors the 

photoprocess is driven by the promotion of electrons from their 

fundamental (VB) to the excited state (CB) triggered by light 

absorption. In particular, the band gap (Eg) value provides to the 

portion of the solar spectrum that can be used to activate the 

photocatalyst, while the CB and VB potential positions specify the 

reductive and oxidative powers of the photogenerated electrons and 

holes of the semiconductor [16_tan]. Figure 1.9 shows the Eg value 

as well as the CB and VB potentials of the most commonly used 

semiconductors. 
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Figure 1.9. Band gap of the most used inorganic semiconductors 

[Reproduced from Ref. [18] with kind permission of the RSC]. 

Being such king of metal oxide and sulfide wide band gap 

semiconductors, they require the UV-A range (<400 nm) to activate the 

photochemical processes, which represents only 5% of the solar 

spectrum. However, most of the semiconductors are easily available, 

require low preparation cost and possess long-term stability. In light of 

this, several strategies to extend light absorption range are under 

investigation. The photocatalytic mechanism of ROS production is 

quite similar to those of the photosensitizers with the exception that 

inorganic semiconductors are not able to produce the singlet oxygen. 

Thus, when a semiconductor is irradiated with light of wavelength equal 

or greater than its band gap, energy is absorbed, resulting in the 

promotion of electrons from the VB to the CB, and the formation of 

electron-hole pairs. These charge carriers may recombine, with the 

energy being reemitted as light or heat, or they may migrate to the 

catalyst surface where they can take part in redox reactions in the 

particle-solution interface (see Figure 1.10).  
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Figure 1.10. [17] Semiconductor fundamental features to allow the 
photochemical processes [Reproduced from Ref. [17] with kind 
permission of the RSC]. 

Following the abovementioned type I mechanism, HO∙, O2
∙− and HOO∙ 

radicals are produced (7-10). The as produced oxidizing agents can 

undergo other reactions to form hydroperoxyl radical and subsequently 

H2O2 as well as oxidize pollutants into CO2 and H2O (11–14).  

Semiconductor + hv → hVB
+ + eCB

− (7) 

hVB
+ + H2O → HO∙ + H+ (8) 

eCB
− +O2 → O2

∙−  (9) 

O2
∙− + H+ → HOO∙ (10) 

HOO∙ + HOO∙ → H2O2 +O2 (11) 

HO∙ + pollutant → CO2 +H2O (12) 

O2
∙− + pollutant → CO2 +H2O (13) 

HOO∙ + pollutant → CO2 +H2O (14) 
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1.4.3 Influencing factors of photodegradation of pollutants 

Some basic features could critically influence each step of 

photocatalysis. The nature and structure of the photocatalyst as well 

as its surface area, determine the overall performances of the 

photocatalytic process. Furthermore, the oxidation of contaminants in 

water is highly dependent on a variety of operational parameters, such 

as the concentration of the substrate, photocatalyst content, pH and 

temperature of the solution, time and intensity of light irradiation and 

dissolved oxygen. The heterogeneous photocatalysis consists in a 

multistep process including seven key stages depicted in Figure 1.11: 

(1) light harvesting; (2) charge excitation; (3) charge separation and 

transfer; (4) surface reduction reactions; (5) surface oxidation 

reactions; (6) bulk charge recombination; and (7) surface charge 

recombination. Being the loss of efficiency for each step crucial in 

determining the final performance of photocatalysis, a variety of 

engineering modification of semiconductor surfaces and interfaces 

have been proposed and they are still under investigation [19].   

 

Figure 1.11. The typical stages of heterogeneous photocatalysis 

[Reproduced from Ref. [19] with kind permission of the RSC]. 
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For instance, preparation of photocatalysts with macro/mesoporous or 

peculiar inner structures allows enhanced scattering of light inside the 

as generated pore channels or cavities due to multiple reflections. This  

results in improved captured of light along with more photogenerated 

electron-hole pairs [20-22]. Beside light-harvesting, also charge 

separation/transport kinetics represents a key role to improve the 

photocatalysis quantum efficiency, reducing at the same time 

recombination of photo-generated electron/hole pairs. Indeed, CB 

electrons can recombine with VB holes very quickly releasing energy 

in the form of unproductive heat or photons. In this context, the 

fabrication of various kinds of heterojunctions, such as the Schottky 

junction, Type II heterojunctions, and all solid-state Z-scheme 

junctions, pore texture tailoring, quantum-size effects, and co-catalysts 

loading are considered the most effective and promising strategies to 

gain better charge separation/transport kinetics [19,23]. These 

methods not only are able to enhance light harvesting and molecular 

diffusion/transport processes, but also increase the specific surface 

area of the photocatalyst by accelerating the surface reaction kinetics. 

In particular, the use of a co-catalyst able to trap the photogenerated 

electrons, can allow the suppression of recombination phenomena 

promoting charge carrier and migration to the catalyst surface where 

redox reactions can occur. Depending on the nature of semiconductor 

(inorganic or organic), different types of co-catalysts have been 

extensively studied, including noble metals (Pt, Au, Ag), [24-28] 

graphene-based materials, [23, 29-31], transition metals and their 

composites. Among these graphene-based materials have attracted 

much attention for both organic and inorganic semiconductors due to 

their unique features in terms of charge transfer and separation 

capability [32,33].  

1.5 Graphene-based photocatalysis  

Since its discovery in 2004 by A.K. Geim and K.S. Novoselov, 

graphene, a single layer of carbon atoms tightly packed into a two-

dimensional (2D) honeycomb lattice, attracted notable interest among 

scientific and technological communities [32]. Thanks to its superior 

electrical conductivity and mobility, theoretically high specific surface 

area, excellent optical transmittance (see Figure 1.12), the graphene-
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driven “gold rush” has become widespread in various areas. In light of 

this, it is not surprising to find graphene applied also in the field of 

photocatalysis [29-31].  

 

Figure 1.12. Fundamental features of graphene [Reproduced from 

Ref. [23] with kind permission of the RSC]. 

Figure 1.13 reports the number of publications by inserting the terms 

“photocatal” and “graphene” separately as keywords, observing a 

significant growth rate from year 2000 maintaining a marvelous rate. 

On the other hand, by combining these two areas (see the inset of 

Figure 1.13), an exponential growth of publications since 2009 is 

observed [33], suggesting the great attraction in the application of 

graphene in photocatalytic systems. 
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Figure 1.13. Number of papers in the field of graphene-based 

photocatalysis [Scopus research by using as key words “photocatal” 

and “graphene” separately and combined as well (see the inset)]. 

Reproduced from Ref. [33] with kind permission of the ACS.  

Indeed, graphene-based materials aimed to improve the photocatalytic 

performances of organic and inorganic semiconductors, mainly due to 

a decrease in the band-gap of the composite, an enhancement of the 

adsorptive features, and most importantly an improvement in the 

charge separation and transport phenomena [34].   

1.6 Concept and properties of graphene materials. 

An overview of the structure and main properties of graphene-based 

materials are reported in Figure 1.14. Pristine or “high-quality” 

graphene is composed of a single layer of carbon atoms arranged in a 

sp2-bonded aromatic assembly and it can be distinguished from 

graphene oxide (GO) and reduced-graphene oxide (RGO).  
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Figure 1.14. The main properties of graphene-based materials 

[Reproduced from Ref. [35] with kind permission of the RSC]. 

Pristine graphene can be naturally found as the building block of 

graphite, where graphene sheets are stacked by π-π interactions with 

an interlayer distance of 3.34 Å. The preparation of high-quality 

graphene was firstly demonstrated by Geim and Novoselov using the 

micromechanical exfoliation method, leading to the Nobel Prize in 

Physics in 2010. However, this technique is considered labor-intensive 

and not easily scalable. Thus, different approaches were developed 

such as ultrasonication of graphite in organic solvents, thermal 

decomposition of SiC or epitaxial growth of graphene on transition 

metals (Ni, Pd, Ru, Ir, Cu) via chemical vapor deposition (CVD) of 

hydrocarbons or alcohols. Among these, CVD has been pointed out as 

the most inexpensive, and scalable strategy to produce high quality 

graphene [35-37]. Application of graphene in photocatalysis is mainly 

due to its excellent electronic properties derived from the high-quality 

2D crystal lattice. Specifically, the valence orbitals of a single carbon 

atom sp2 hybridized, are composed of three planar δ orbitals (120° with 

each other) and one remaining 2p orbital (2pz) oriented along the 

perpendicular axis to the graphene plane [19]. Thus, single unit cell in 
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composed by two equal carbon sublattices A and B [Figure 1.15 (a)]. 

The so-unique band structure obtained was demonstrated for the first 

time by the density functional theory (DFT) calculation by Walace in 

1947 [Figure 1.15 (b)] [37]. 

 

 

Figure 1.15. a) The hexagonal honeycomb lattice of graphene with two 

atoms A and B per unit cell; b) The tridimensional band structure of 

graphene; c) The conduction and valence bands in single-layer 

graphene with a representation of the Dirac point [Adapted from Ref. 

[19] with kind permission of the Wiley-VCH] 

The π electrons among two carbons belonging to the respective 2pz 

orbitals are related to delocalized π (bonding) and π* (anti-bonding) 

bands, forming an highest occupied valence band (VB) and a lowest 

unoccupied conduction band (CB) [Figure 1.15 (b)] [37]. In particular, 

the VB and CB converge at six points (Dirac or neutrality points). From 

the electronic point of view, the contact of two bands at Dirac points 

indicates that graphene monolayer is a semi-metal or zero-gap 

semiconductor [Figure 1.15 (c)] [37] with a work function ≈4.42 eV [19]. 

GO is an oxidized form of graphene, composed of a high density of 

oxygen functional groups (carboxyl, hydroxyl, carbonyl, and epoxy) in 

the carbon lattice. The cost of monolayer graphene still remains high 

for practical application in water remediation as well as electronic, 

optical, and biological uses. To obtain cheapest graphene, sacrificing 

some peculiar features of monolayer (see table 1.2), graphene 

derivatives materials are developed and widely used in several fields 

including water remediation. GO production was proposed for the first 

time by Hummers and Offeman in 1958 by using KMnO4 as oxidizing 
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agent in concentrated sulfuric acid [38]. Then, different modified 

Hummer methods was proposed to improve the reaction yields and, at 

the same time, more environmental-friendly solutions. However, 

KMnO4-based reaction remains the most used method for GO 

production. The introduction of oxygen in the graphene critically affect 

its physicochemical properties reducing its electronic and mechanical 

properties [39,40]. Instead, the high density of oxygen functional 

groups makes GO more hydrophilic, and this feature, along with the 

high surface area, allows GO available for a wide range of chemical 

functionalization. Therefore, GO in considered an important building 

block for the development of novel graphene-based composites. The 

reduction of GO, by using chemical reducing agents, thermal 

annealing, photoreduction, or microwave-assisted reduction [41,42], is 

used to produce RGO. More importantly, RGO possess an altered 

chemical structure if compared to graphene and GO, having carbon 

vacancies, residual oxygen, and clustered pentagons and heptagons 

carbon structure [43,44], allowing also a partial restoration of 

mechanical and electronic properties (see Figure 1.14).  

1.7 The role of graphene materials in photocatalysis 

The main role of graphene derivatives in photocatalytic composites 

involves their use as acceptor and shuttle of the photogenerated 

electrons [45-47]. Clearly, high-quality graphene explicates superior 

capability as acceptor and stabilizer of charge carriers if compared to 

GO and RGO. On the other hand, these low cost materials further 

result to be peculiar in adding adsorption properties to the final devices 

for the removal of contaminants in water. Besides these properties, 

graphene materials are also able to tune the light absorption range and 

intensity. In the following sub-sections, a summary of these roles in 

graphene-based composite photocatalysts will be reported. 
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1.7.1 Graphene as photoelectron shuttle and acceptor 

Graphene as unique 2D electron conductive platform is able to work 

as co-catalyst in photo-induced electron transfer processes (see 

Figure 1.16) [32]. In particular, after photoexcitation of a 

semiconductor (organic or inorganic), the photogenerated electrons in 

their excited state are injected to the graphene surface boosting 

separation and transfer of charge carriers, reducing the electron-hole 

recombination rate and participating in photo-redox processes.  

 

Figure 1.16. Chart of the charge carrier transfer for semiconductor 

photocatalysts to graphene [Reproduced from Ref. [33] with kind 

permission of the ACS].   

In light of this, in recent years many graphene-based materials and 

semiconductors composites has been developed, exploiting also the 

photoinduced electron transfer mechanism through UV-Vis 

spectroscopy [48], as well as steady state and time resolved 

fluorescence [49,50]. For example, Zhang et al. reported a 

tetrasulfonated zinc phtalocyanin bounded to graphene sheets by non-

covalent interactions, demonstrating the ability of graphene to accept 

and transport electrons [46]. Recently, Lightcap et al. described the 

ability of RGO to store and shuttle electrons. In particular, 

photogenerated electrons by irradiation of TiO2 can be transported 
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through RGO to reduce silver ions (Ag+) into Ag nanoparticles and 

selectively anchoring semiconductor TiO2 and Ag nanoparticles at 

separate sites of RGO support [48].  

1.7.2 Adsorption ability of graphene materials. 

Thanks to its peculiar 2D structure and high theoretical surface area, 

graphene and its derivatives, in addition to their use as photoelectron 

media, are able to enhance the adsorption capacity versus several 

target reactants (e.g. dyes, emerging pollutants, heavy metals) [33].  

As reported in Figure 1.17 the enhancement of adsorption ability of 

graphene-based composites can be attributed to different types of 

interactions such as physical adsorption, electrostatic attraction, or 

chemical interaction (surface complexation) [51]. The introduction of 

oxygen or nitrogen functional groups on the graphene surface 

contributes to increase the interaction of the composites with a wide 

variety of molecules and metal ions allowing an improvement in the 

photoredox activity [33].  
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Figure 1.17. Representation of different types of interactions involved 

during the pollutants adsorption on graphene-based photocatalysts 

[Reproduced from Ref. [33] with kind permission of the ACS].   

As an example, the mechanism by which graphene–based composites 

can enhance the photocatalytic performance in the degradation of 

organic dyes can be described by three sequential steps (see Figure 

1.18). The first step involves the adsorption of the dye molecules on 

the graphene surface by π-π stacking interactions between the 

graphene and dye sp2 domains. Upon interaction with graphene 

sheets, the oxidative species surrounding the catalyst can readily 

access the adsorbed dye, making the photodegradation process more 

effective. The strong contact facilitates the reactions after the 

photocatalyst irradiation, allowing a more effective photodegradation 

process. The second step is the generation of electron-hole pairs after 

the photocatalyst irradiation with appropriate wavelength. At the end, 

the third step concerns the charge carrier separation and transport [33]. 

As well stated from the aforementioned section, the excited electrons 

are transferred from the photocatalyst to the sp2-hybridized graphene 
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platform. The photogenerated holes and excited electrons are 

subjected to further reactions in the aqueous media forming ROS, able 

to degrade contaminants in water providing eventually to their 

mineralization in CO2 and H2O. 

 

Figure 1.18. Mineralization mechanism of Methylene blue mediated by 

a graphene-based photocatalyst [Reproduced from Ref. [33] with kind 

permission of the ACS].   
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1.7.2 Light-tuning by graphene composites materials. 

Besides its role in charge transfer carrier and improved adsorption 

ability, graphene was also used to extend the light-harvesting of 

photocatalysts in the solar range, especially when inorganic 

semiconductors are used as photocatalytic materials. To do this, a 

strong interaction between graphene derivatives and semiconductors 

have to be achieved. By chemically binding RGO to P25 through a one-

step hydrothermal method, Zhang et al. have extended the light 

harvesting range of degussa semiconductor (P25) into the visible-light 

range [52]. Similar results were observed also in a ZnO-RGO 

composites. For instance, Tien et al.  developed a RGO-ZnO sphere 

composites founded an extension of the absorption edge to the visible 

light range, most likely due to the formation of Zn−O−C chemical bonds 

[53].  

1.8 Polymer graphene-based photocatalysts. 

The use of graphene-based photocatalysts is still facing a series of 

technical challenges. Among these, the major limitation that prevents 

commercialization consists in the post recovery of the catalyst particle 

after water treatment. For istance, TiO2 nanoparticles have always 

been applied in a slurry way to obtain high volumetric generation rate 

of ROS. Since nanomaterials can exhibit serious toxicity for aquatic 

and human life, at the end of the process catalysts separation is 

needed, involving also the use of difficult and expensive methods.  

On the contrary, the covalent or non-covalent catalyst immobilization 

in graphene-based materials (in the form of standalone 2D or 3D 

structures) or in a polymer matrix enables their recyclability and easy 

removal after the treatment [35]. In this context, polymer graphene-

based nanocomposites play a key role in addressing the problems 

associated to water purification. Due to the inherent remarkable 

surface properties of the incorporated nanoparticles and also the 

possibility to obtain thin films, membranes or filters with high stability 

and processability, polymer graphene-based materials display 

outstanding potentiality in the disinfection and microbial control of 

water [54].  
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A variety of polymer nanocomposites have been investigated and their 

properties tailored by the combination of different polymers and 

nanoparticles. Thermoplastic (polymethylmethacrylate, polyvinyl 

chloride, polystyrene, polyethylene, polypropylene) as well as 

thermoset (polyurethane, epoxy resin) polymers have been employed 

mainly in combination with metal oxides (TiO2, ZnO,CeO2) 

nanoparticles used as a filler [55,56].  

However, several drawbacks in the preparation of polymer 

nanocomposites have to be taken into account. For example, polymer 

substrates that support photocatalyst itself being organic undergo to 

degradation phenomena under light irradiation. Therefore, a suitable 

selection of the polymer matrix and nanocomposites formulation has to 

be made as well. It was demonstrated that formulations involving 

catalyst well embedded into the polymer matrix are subjected to faster 

degradation compared with the coated polymer [57].  

Regarding the formulation of polymer-based photocatalytic systems, 

high temperature processes after synthesis to prepare the hybrid, are 

required to activate the photocatalyst nanoparticles. However, the 

majority of engineering polymers available to this purpose, degrade at 

T>300 °C. This limits such application only on those polymers that have 

very outstanding thermal stability. Conversely, approaches that implied 

formulation of polymer nanocomposites by using low temperatures 

such as solvent casting and atomic layer deposition (ALD) techniques 

can be exploited. In addition, formulation by using organic 

photocatalysts can be also evaluated.    

 

Conclusions. 

In summary, this chapter introduce advantages and limitations use of 

heterogeneous photocatalysis, considered as one of the most 

promising alternatives to minimize energy requirements, costs, 

chemical consumption and potential environmental impact associated 

with water purification. In this context, graphene-based materials could 

play a key role in developing photocatalytic composites by coupling 

with organic and inorganic semiconductors to degrade conventional 

and emerging pollutants. 
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As well stated in the previous chapter, photocatalysis represents one 
of the most promising environmental-friendly solution to purify water. 
In particular, the combination of graphene (G) with photoactive 
molecules aims to strongly increase the photocatalytic activity of the 
hybrid systems by boosting the separation and transfer of 
photogenerated charges.  
In this view, organic photosensitizers, having an excellent visible-light 
absorption, coupled with the charge transfer properties of G-based 
materials represent the current hot topic in water treatment. Among 
these, porphyrins have shown great potential in visible-light 
photocatalytic applications because of their large extinction molar 
coefficient aside from the well-defined organic structures with tunable 
size and morphology [1,2]. Furthermore, their low cost, eco-friendliness 
and versatility of the molecular syntheses constitute attractive features, 
both from environmentally and economically point of view. As reported 
in literature, the molecular architecture of porphyrins, as well as the 
dimensions and morphologies of their self-assembly aggregates, 
considerably influence the photocatalytic efficiency (PCE) of such 
systems [3,4,5], resulting in a fast recombination of their photo-induced 
electron-hole pairs. To overcome these crucial concern, one of the 
possible approaches used is the anchoring of porphyrins onto G-based 
materials via covalent and non-covalent interactions (e.g., π-π 
stacking, van der Waals and/or electrostatic interactions) [6-15]. This 
strategy, as well demonstrated by A. Wojcik and P. Kamat [6], 
facilitates the electron transfer process from porphyrin to G, facilitating 
a spin forbidden intersystem crossing (ISC) process. This leads to the 
production of the singlet oxygen (1O2) considered the most cytotoxic 
reactive oxygen species (ROS) [2,16]. Nonetheless, although materials 
obtained are able to introduce the aforementioned benefits, some 
complications have to be taken into account during the photoreactions, 
such as the “shielding effect” [17], as well as the radical scavenger 
activity of G-based materials [18].  
In this chapter, an innovative approach to control the porphyrin- and G-
related drawbacks will be presented. In particular, the development of 
a freestanding hybrid nanocomposite by using cyclic porphyrin 
polymers deposited onto standalone G structures will be described and 
discussed. The evaluation of several physico-chemical parameters that 
critically contribute to the PCE are taken into account. 
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2.1 Freestanding graphene/porphyrin composites 

 
Significant efforts in electron-transfer process have been made by 
anchoring porphyrins onto G-based materials via covalent and non-
covalent interactions (e.g., π-π stacking or van der Waals and/or 
electrostatic interactions) strategies, which permit to bind molecules to 
the selected substrate [6,7-15]. However, some complications arise 
from the use of G-based materials as co-catalysts in photocatalytic 
nanocomposites formulations. In fact, although these materials 
generate the benefits discussed in the previous chapter, some tricky 
features have to be considered during the photodegradation 
processes, such as the “shielding effect” as well as their radical 
scavenger activity. The first phenomenon is induced by the content 
addition of G-based materials as co-catalyst. Due to their opacity, a 
weakening of the light irradiation depth through the G-based 
composites restricts the efficiency of G in promoting the photoactivity 
[19]. This intrinsic negative effect imposes a weight addition ratio of G 
derivatives into the composite lower than 5%. However, greater 
amounts of carbon materials would be necessary to inhibit the 
recombination of electron-hole pairs photogenerated by the 
photocatalyst [19]. In covalently graphene oxide (GO) and reduced 
graphene oxide (RGO) functionalized composites, an increasing 
number of photoactive sites are clearly related to an improving of 
photocatalytic efficiencies. To boost the number of such sites, it is 
indispensable to increase the weight addition ratio or, alternately, the 
oxidation points onto the G surface. The latter introduces significant 
structural defects that strongly affects the electron mobility and thus the 
charge-transfer and separation processes. Furthermore, a huge 
adsorption capacity against organic contaminants in water is displayed 
from oxidized G-based materials. This peculiar property, that in the 
case of GO versus MB dye was quantified at 714 mg/g [20], makes 
difficult to discern between adsorption and photodegradation 
processes during photocatalytic tests. Another crucial point is related 
to the antioxidant activity of carbon materials versus organic 
molecules. Multiple experiments have shown that G-based materials 
are an effective scavenger of OH• radicals in water. The latter 
entrapped onto G structure are no longer available to degrade 
pollutant, avoiding the desired purification process. More importantly, 
the final composite materials must be easy removed after the 
treatment.  
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An innovative approach able to overcome all the aforementioned 
drawbacks, consists in the preparation of a freestanding hybrid 
nanocomposite by combining supported high-quality G and 
photoactive porphyrin derivatives. The novelty of this approach 
involves the exploitation of extensive non-covalent interactions 
between the high surface area of G co-catalyst and a coating of 
porphyrin polymers. However, the effect of physico-chemical 
parameters used to prepare the material can influence the 
photocatalytic ability. In the next sections the role of the solvent used 
for the polymer deposition, the morphology of the G support, and the 
porphyrin polymers molecular weight as well as their architecture will 
be reported and discussed. 
 
2.1.1 Porphyrin polymers as photoactive phase 
 
The heterogeneous catalysis from porphyrins and metal-porphyrins 
under visible-light irradiation is well reported in the literature [2]. 
Porphyrin systems can act as photocatalytic media in form of free 
molecules, supported molecules, nanostructured assemblies and thin 
films [2,3,7,8]. Whatever is the strategy adopted, the formation of 
porphyrin agglomerates triggers the rapid quenching of excited state 
preventing photocatalysis. A good strategy to overcome the porphyrin-
related problems in the preparation of G-based composites can involve 
the use of porphyrin polymers. In particular, their use promotes an 
intimate and extensive contact at the G interface, compared with 
merely porphyrin molecules. Indeed, the polymer coating is able to 
protect graphene materials to the direct exposure of light, dyes and 
OH● radicals, which drastically reduce the PCE. On the other hand, the 
use of cyclic porphyrin polymers thanks to their peculiar chemical 
structure, can offer new perspectives in exploiting porphyrin derivatives 
as photoactive compounds.  
To mitigate the aggregation phenomena among porphyrin units, the 
use of specific sterically hindered polyporphyrins may increase the 
number of photoactive sites, limiting also the formation of 
agglomerates, and as a result, boosting the desired charge-transfer 
process onto the G surface. To this purpose, a co-polymerization 
process between porphyrin monomer (5,10-di[p-(9-
methoxytriethylenenoxy)phenyl]-15,20-di[p-hydroxyphenyl) and 1,20-
di(bisphenoxy-A) eicosane to concatenate higher number of 
photoactive sites in more stable cyclic chain structures was used to 
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develop cyclic porphyrin polymer [21-24]. Additionally, two hampering 
pendant groups in 5 and 10 positions for each molecule [see Figure 
2.1] were introduced with the aim to reduce the coordination and 
aggregation with other porphyrin molecules. In Figure 2.1 the synthetic 
pathways of polymerization for porphyrin copolymer (CPC) were 
depicted. The synthetic details of polymerization reactions of CPC is 
reported in the experimental section. The obtained material was 
purified and characterized by Matrix Assisted Laser Desorption 
Ionization Mass Spectrometry (MALDI-TOF MS) (see Figure 2.2). The 
Table 2.1 reports the molar mass (MM) values of CPC calculated by 
using gel permeation chromatography (GPC) analysis. A total content 
of 37% of porphyrin into the CPC was estimated by using UV-Vis 
method (Table 2.1). 
 

 
 

Figure 2.1 Scheme of reaction for the preparation of CPC .  
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Figure 2.2. Positive MALDI-TOF mass spectrum, acquired in reflection 
mode, CPC and structural assignments. 

 
 

Table 2.1  

Composition, yield and Molar Masses of synthesized CPC 

Polymer 

Nominal % 

Porphyrin 

molar content 

Actual % 

Porphyrin 

molar 

content 

Polymer 

yield 

(w/w)a 

Mwb Mnb 

Porph-

copolymer 
50 37,5 75% 10586 9241 

a) Percent of polymeric material with respect to the total number of 
starting monomers 
b) Molar masses values calculated by using PMMA as GPC standards. 
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2.2 The role of the solvent in graphene/cyclic porphyrin 
copolymer preparation  
 
The complexity of interactions between polymer chains as well as 
polymer–solvent, play a key role on the materials morphologies and 
distribution before and after cast deposition. Therefore, the solvent 
selected to perform the deposition onto G assumes a relevant 
importance in the photocatalytic performance, depending on the 
morphology as well as macromolecule substrate interactions [25]. As 
reported also in the recent literature [6], a strong interactive affinity 
between porphyrin and G material exists both in solution as well as in 
films, thus it cannot exclude as a determinant factor the solvent effect 
during the graphene/polymer interface formation. In light of this, the 
influence of the solvent used to prepare the hybrid materials are here 
reported. To this purpose, the CPC was dissolved in three different 
solvents: chloroform (CHCl3), tetrahydrofuran (THF) and 
dimethylformamide (DMF), and used to impregnate via bath deposition 
2D-G. Depending on the nature of the solvent, a different behavior of 
CPC was observed and, as a consequence, a different coating on the 
G surface was produced. UV-Vis spectra as well as the microscopic 
and nanoscopic features of CPC after the deposition will be described 
and correlated with the photocatalytic activity of the three samples by 
using Methylen Blue (MB) degradation test.  
 
 
2.2.1 UV-Vis spectrometric analysis of cyclic porphyrin copolymer 
in three solvents 
 
Free-base porphyrins UV-Vis spectra show an intense near-UV Soret 
band and visible Q bands [26]. The UV-Vis spectra of porph-copolymer 
with a concentration of about 1×10-6 M are shown in Figure 2.2. Data 
revealed that the Soret band of copolymer is slightly shifted from 420 
nm in CHCl3 to 421 nm in THF and 423 nm in DMF according with the 
behavior of corresponding monomer in the same solvent. As expected, 
the changes in wavelength are ascribed to the different 
physicochemical properties of the solvents. A list of the solvent 
parameters that affect the absorption values is displayed in Table 2.2. 
The solvatochromic shift of copolymer can be influenced by the 
acceptor number (AN), hydrogen-bonding donor and acceptor capacity 
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(α and β parameters respectively), and π* that describes the polarity 
and polarizability of the solvent [27]. Chloroform shows a weak β value, 
while THF and DMF are strong acceptors of hydrogen bonding. 
 

 

Figure 2.3. The UV-Vis spectra of CPC recorded with CHCl3 (black 
line), THF (red line) and DMF (blue line). 
 
 
However, DMF shows a greater π* and DN as well. Depending on the 
chemical structure of the dissolved species, the contribution of these 
parameters can lead to significant changes in macromolecule-solvent 
interactions and, as a consequence, in the polymer coating. In fact, 
polymers having a great number of oxygen atoms (electrons donors) 
possess a better affinity versus THF and DMF with a soret band shifted 
to longer wavelengths than CHCl3. 
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Table 2.2 The properties of CHCl3, THF and DMF 

Solvent εg DN AN π* β α VP  

CHCl3 4.7 4.0 23.1 0.58 0.10 0.20 212 

THF 7.58 20 8.0 0.58 0.55 0.00 19.3 

DMF 36.7 26.6 16.0 0.88 0.69 0.00 0.38 

 
 
As well described for the porphyrin moieties, depending on the solvent 
used, the bathochromic effects could be also associated with a 
different energy gap from the ground to the excited state. DMF being a 
dipole non-proton solvent, shows a greater static dielectric permittivity 
(εg) than the CHCl3 (see Table 2.2). Accordingly, when DMF is used 
as a solvent, reduction in the energy gap of the porphyrin moieties [26] 
occurs, decreasing the energy gap for the transition process from the 
ground to the excited state. We can reasonable suppose that in the 
same manner the electron transfer process on the G surface is 
favorited. 
 
2.2.2 Formulation and morphological characterization of the 
hybrid systems 
The hybrid nanocomposites were prepared by immersing 2D-G 
samples in three different polymer solutions, testing the degradation of 
MB under visible-light irradiation (see Scheme 2.1). Morphological and 
physicochemical characterizations are reported as follows.  
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Scheme 2.1. Schematic description of the exsperiment. 2D graphene 
samples were dipped in three different polymer solutions, rinsed and 
dried. The as prepared materials were tested by degrading MB under 
visible-light irradiation. 
 
 
The copolymer morphology after deposition by casting method onto 
pristine 2D graphene in the three different solvents was studied, by 
using scanning electron microscopy (SEM) in (Figures 2.4 and 2.5, 
Atomic Force Microscopy (AFM) in Figures 2.6, 2.7 and 2.8 and 
UV−visible diffuse reflectance spectra (DRS) reported in Figure 2.9. 
As a whole, comparing with the pristine graphene reported in Figures 
2.4 (a), from the micrograph in Figures 2.4 (b), it can be seen how the 
microstructures of the macromolecular film produced by CHCl3 solvent 
casting, are different from those obtained by using THF [Figures 2.4 
(c)] and DMF [Figures 2.4 (d)].  
To evaluate the thickness, the uniform distribution and the adhesion of 
the copolymer onto the graphene substrate in the three cases, cross-
section analyses were performed. Figures 2.5 (a)-(f) showed 
significant differences can be noted between the three samples. 
Modifications are surely ascribed to the chemical and physical 
properties of the solvents (see Table 2.2). In particular, the reported 
parameters in Table 2.2 influence the molecule-solvent as well as the 
molecule-substrate interactions playing a key role on the covering 
process. The thickness of polymer coating range roughly from 50 to 
210 µm.   
CHCl3 leads to a fast evaporation rate of the solvent. Thus, polymer 
hemispheres formed, rapidly crack to produce circular holes [see 
Figure 2.4 (b)] on the substrate. Therefore, from the inspections of the 
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cross-section reported in Figures 2.5 (a) and (b), a weak polymer-
substrate interaction at the interface was achieved. In this case, it can 
be supposed that hydrogen bonding between the copolymer and the 
solvent (with great α capacity) promoted. Furthermore, the high 
volatility of CHCl3 reduced the possibility to establish π-π interactions 
among aromatic porphyrin moieties of the copolymer and the graphene 
layer, producing self-aggregation phenomena.  
THF, on the other hand, that is an acceptor of hydrogen-bonding 
(β=0,55) with a small value of polarizability, can lead to better 
polyporphyrin-graphene interactions [see Figures 2.5 (c) and (d)]. 
According to the lower vapor pressure value of THF, polymer 
hemispheres formed during evaporation are not subjected to the rapid 
cracking phenomena [see Figure 2.5(d)] and consequently, circular 
holes are not produced.  
The polymer coating by using DMF solution presents a different 
morphology if compared with the previous two samples. In Figure 2.4 
(d) and in Figures 2.5 (e) and (f) the coating appears smooth with a 
good polymer-graphene adhesion, without the formation of 
hemispheres, resembling the morphology of pristine graphene in 
Figure 2.4 (a). These evidences are coherent with the DMF chemical 
properties. The latter having the highest εg, AN, DN, β, prevents the 
aggregates formation, especially if compared to CHCl3. Furthermore, 
thanks to the lowest vapor pressure value, the copolymer can 
assemble in its more stable configuration onto graphene. 
Consequently, the macromolecule-substrate non-covalent bonds 
result was favorited and a more adhesive film can be observed [Figure 
2.5 (f)]. 
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Figure 2.4. SEM images of (a) pristine 2D-G and the CPC coating by 
using (b) CHCl3, (c) THF and (d) DMF. 
 

 
 
Figure 2.5. SEM in cross-section images of the CPC on 2D-G samples 
at lower magnification by using (a) CHCl3, (b) THF and (c) DMF and at 
higher magnification by using (d) CHCl3, (e) THF and (f) DMF.  
 
To further explore the morphologies and appreciate the roughness 
parameters of the copolymer coating onto the 2D graphene surface, 
AFM analysis was also performed. Figure 2.6 (a) and Figure 2.7 report 
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the two dimensional and three dimensional views of the pristine 
graphene, respectively. Ni polycrystalline structure is clearly 
recognizable: Ni micrometric grains and corresponding grain 
boundaries are visible. At this scale, due to the grain boundaries and 
structuration of their morphology, the height scale spans from 0 to 140 
nm and the surface roughness is very high. The surface roughness 
was quantified by the Root Mean Square (RMS) width σ = <z(x,y)2>1/2 
being z(x,y) = h(x,y)-<h(x,y)> with h(x,y) the height function and 
<z(x,y)> the spatial average over a planar reference surface. For this 
sample, it resulted on this scan scale, 18.3 nm. Figures 2.6 (b)-(d) 
shown two-dimensional AFM images of the sample surfaces. In 
particular, to gain information on the films uniformity on a large scale, 

Figures 2.6 (b)-(d) report 20 m20 m AFM scans. 
 

 
Figure 2.6. (a) 10 m10 m scan of 2D-G and 20 m20 m scans 
with copolymer deposited by using (b) CHCl3, (c) THF and (d) DMF.  
 



 

 52 

 
Figure 2.7. 10 m10 m three-dimensional AFM images of 2D-G (on top) 
surface.  

 
The AFM images confirm the previous results observed by SEM. In 
particular, Figure 2.6 (b) shows that the deposition of the polymer by 
using CHCl3, leads to a holed film, which conformally covers the G 
surface, accordingly with previously, discussed results. The underlying 
Ni surface (i.e. Ni grains and grain boundaries) is still visible, indicating 
that the thickness (i.e. amount) of the polymer film is not so high to fill 
the valley regions between the Ni grains. It, instead, follows 

conformally the Ni surface morphology. The 2 m2 m AFM scans in 
Figure 2.6 (a) allow a closer inspection of the polymeric film 
morphology: apart from the circular holes, it is continuous over the 
substrate surface. The diameter of these holes ranges from a minimum 
of some tens of nanometers to a maximum of some hundreds of 
nanometers. On the other hand, the depth of the holes ranges from a 
minimum of about 2-3 nm to a maximum of about 30 nm. The AFM line 
profile of a hole is reported allowing the measurement of a hole depth 
of about 30 nm. Furthermore, the edge of the holes presents a rim, 
which is elevated with respect to the neighboring flat film (see, also, 

the hole-line section). Using the 2 m2m AFM scan, a surface 
roughness of 5.9 nm was evaluated and representative of the 
roughness of the holed polymeric films on a region confined within a Ni 
grain (on this scale it is not altered from the Ni grain boundaries).  
Figure 2.6 (c) shows that the deposition of the polymer film obtained 
by using THF solvent. The latter produces a thicker film able to underly 
Ni substrates that is no more recognizable. In this case, it is clear that 
the polymer fills the valley regions between Ni grains with a uniform 
coating for the entire substrate hiding any characteristic features of the 
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original surface. Accordingly, with the SEM analyses, hemispherical 
polymeric structures are formed. Their presence is more evident in the 

2 m2 m AFM scans reported in Figure 2.8 (c). The diameter of 
these hemispheres ranges from a minimum of some tens of 
nanometers to a maximum of some hundreds of nanometers. On the 
other hand, height of these hemispheres ranges from a minimum of 
about 50 nm to a maximum of about 300 nm. AFM line profile of a 
selected hemisphere is reported in Figure 2.8 (d) allowing the 

measurement of a structure height of about 60 nm. Using the 2 m2 

m AFM scans for THF sample a surface roughness of 24.7 nm was 
evaluated. This value can be compared to the 5.9 nm roughness value 
(by the same scan length) for the polymeric film deposited by CHCl3. 
The higher surface roughness arises from the very high standard 
deviation on the distribution of the heights of the hemispherical 
structures (higher than the standard deviation on the distribution of the 
depths of the holes in the previous sample).  
DMF polymer solution [see Figure 2.8 (d)] leads to a thinner film if 
compared with the previous samples. In fact, considering the reference 
sample, from these pictures, the morphology of the underlying Ni 
substrate is clearly recognizable without any appreciable difference. 

However, the 2 m2 m AFM scans [Figure 2.8 (e)] report a surface 
structuration related to the polymeric film presence. In this case, the 
polymeric film is smooth over the substrate surface. It forms localized 
wire-like and globular-like structures. AFM line profile of a globular 
structure is reported in Figure 5 (e) allowing the measurement of a 

structure height of about 69 nm. However, from the 2 m2 m AFM 
scan, the surface roughness is evaluated in 4.7 nm, lower than the 
roughness (on the same scan length) of the previous THF and CHCl3 
samples.  
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Figure 2.8. Topographic AFM images at 2 m2 m scans with their 
specific AFM line profiles of CPC deposited onto 2D-G by using (a) 
CHCl3, (c) THF and (e) DMF as a solvent. 
 
These data further support as the physicochemical properties of the 
three solvents significant affect the polyporphyrins self-assembly 
before and after the evaporation, influencing also the G-porphyrin 
interactions during the deposition process. CHCl3 and THF show the 
same roughness and similar morphologies, differing from each other 
for the holes and the hemispherical structures respectively.  
In conclusion, from a comparison of the three solvents used to cast the 
copolymer, both SEM and AFM data showed as DMF forms 
nanodomains that can be related with G-porphyrin non-covalent 
interactions.  
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Diffuse reflectance spectroscopy (DRS) spectra were also performed 
in the range of 200 -1100 nm to in deep investigate the effect of the 
polymer deposition onto the graphene surface depending on the 
specific solvent used. As it is possible to appreciate from Figure 2.9 
(a) and Figure 2.9 (b) a blue shift of the porphyrin diagnostic bands 
were observed for CHCl3 and THF samples respectively. This behavior 
could be related to the formation of non-photoactive H-type 
aggregations that drastically reduce their photo-ability, in agreement 
with our photocatalytic results [27].  
 
 

 
 
Figure 2.9. UV-Vis reflectance spectra of (a) CPC CHCl3 (black line), 
(b) CPC THF (purple line) and (c) CPC DMF (blue line). UV-Vis 
reflectance of the 2D-G substrate is reported in each spectra (red line).   
 
 
 
 
 
 

(B)(A)

(C)
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Whereas, in the DRS of DMF copolymer [Figure 2.9], absorption in the 
diagnostic UV-Vis region of the spectrum is not evident, even if 
compared with the 2D substrate a different diffuse reflectance is clearly 
evidenced. The disappearance of typical porphyrins signals is most 
likely due to a thinner film formed by DMF sample also revealed by the 
morphological analyses. 
 
2.2.3 Photocatalytic Activity 
 
To correlate the effect of the solvents and the photocatalytic 
performances, the 2D graphene samples coated by using THF, CHCl3 
and DMF were subjected to photocatalytic experiments by using the 
MB degradation test under visible light irradiation. The variation of MB 
concentration was spectrophotometrically evaluated observing the 
absorption bands at 664 nm. Figure 2.10 (a) reports the C/C0 values 
(where C and C0 are the actual and starting MB concentrations, 
respectively) of MB as a function of the time. It is important to highlight 
that the amount of polyporphyrin that coats the 2D substrates (1.5×1.5 
cm) is lesser than 0.13 mg. To obtain an accurate correlation between 
morphological and photocatalytic data, the related characterizations 
were performed by using the same sample. Given that, in these 
experiments our aim was to find the best data among the used 
solvents, being not relevant to the absolute values. In addition, if 
compared with other photocatalytic systems [28,29] in this stage we 
performed all the experiments by using freestanding devices, without 
stirring and/or bubbling air into the solution [28,30].  
As expected from SEM and AFM analyses, the best result in terms of 
photocatalytic activity is showed by the DMF sample, which reaches a 
degradation efficiency of 17% (see Figure 2.10). 
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Figure 2.10. UV-vis spectral degradation of 1,5x10-5 M MB aqueous 
solution of 2D-G/CPC in CHCl3 (blue triangle up), THF (blue circle) and 
DMF (blue square) 
 
2.2.4 Influence of operational conditions  
 
Devices obtained from DMF polymer casting were subjected to 
photocatalytic experiment by stirring and/or bubbling air. As showed in 
Figures 2.11 (a) and (b), the changes in the experimental set up 
greatly contribute to boost the photocatalytic degradation of MB dye. In 
particular, taking into account the mechanism of ROS formation (see 
section 1.4.1), the achievement of 55%  after addition of air-bubbling 
along with stirring, suggests the formation of singlet oxygen and/or 
superoxide anion radicals as ROS species during photocatalysis.  
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Figure 2.11. UV-vis spectral degradation of 1,5x10-5 M MB aqueous 
solution of (a) 2D-G/CPC in CHCl3 (blue triangle up), THF (blue circle) 
and DMF (blue square) under stirring and (b) 2D-G/CPC DMF under 
stirring (blue circle), under bubbling (blue square) and under 
stirring&bubbling (blue star). 
 
 
2.3 Tridimensional graphene in polymer composites preparation. 
 
Although the obtained results opened new perspectives in the 
exploitation of G-based materials for water purification applications, 
further improvements can be achieved by changing the 2D-G support 
with a tridimensional (3D-G) one. In particular, this support allows the 
growth of a 3D-G macroscopic structure with a continuous and well 
interconnected graphene sheets network [graphene foam (GF)], 
resulting in GF and GF-based composites with improved electrical, 
mechanical and adhesive properties [22]. Furthermore, GF offers the 
advantage to possess a very high exposed surface area (~850 m2/g) 
allowing to obtain higher area for polymer coating, thus increasing the 
number of photoactive sites. In light of this, GF photoactive composites 
preparation, characterization and applications will be discussed, 
comparing also the results with previous ones. 
 
2.3.1 Synthesis of graphene foam and characterization.  
 
The GF was obtained by chemical vapor deposition (CVD) growth (see 
Appendix 1). Nichel foam template (pieces of 1 cm2) were heated up 
to 1000 °C for 20 minutes under Ar, H2 and CH4 flows (600, 1000 and 
20 sccm, respectively) and then cooled down at 15 °C min to grow the 
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graphene layers on the Ni foam surface. The obtained GF sample was 
analyzed and characterized by SEM at progressive magnifications 
[Figure 2.12 (a)-(c)] and Raman spectroscopy [Figure 2.12 (d)]. It was 
evident that the graphene film adheres to the surface of the nickel 
foam, reproducing its morphology, but it showed a non-homogeneous 
distribution, as evidenced by the different grey contrasts over the 
sample. The lower contrast was due to a different quality of the 
graphene film formed, confirmed by Raman spectra [Figure 2.12 (d)] 
that evidenced the typical G and 2D peaks of either in the brighter and 
darker regions. The irregular distribution of graphene (going from 
monolayer to multilayers) is well known on nickel substrates, due to the 
graphene growth process occurring by carbon segregation and 
precipitation that makes it difficult to control its thickness and uniformity 
[31]. Indeed, this growth mechanism is not self-limiting like on copper.  
 
 

 
 
Figure 2.12. (a – c): SEM images obtained in the Inlens mode of the 
nickel-graphene foam at different magnifications; (d): Raman spectra 
obtained on different areas of the foam with different grey contrast (e.g. 
zone A and B of panel (c)). 
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Although GF produced from Nickel-foam template shows a non-
homogeneous high-quality graphene, the peculiarity of its high surface 
area, tunable porosity, outstanding electron-transfer properties allows 
the formulation of hybrid graphene-based polymer composites with 
excellent performances in photocatalytic applications as well 
demonstrated in the next sections. 
 
 
2.4 Porphyrin homo-polymers studies 
 
To take advantage in terms of photocatalytic efficiencies as well as to 
find and discriminate some differences in photochemical behaviors, 
porphyrin polymers similar to those of copolymer were prepared. In 
particular, the same starting monomer and a Zn porphyrin monomer 
derivative were selected. The latter was chosen for its considerable 
interest in photocatalytic applications [5,10]. Thus, porphyrin polymer 
containing 100% of porphyrin units, also called cyclic porphyrin 
homopolymer (CPH), was prepared, and the synthetic procedure 
reported in Figure 2.13.  
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Figure 2.13. Preparation of CPH and Zn-CPH. Molecular model of 
cyclic tetramer of Poly trans-Prs (as example of CPH conformational 
structure, reproduced from Ref [23] with kind permission of Elsevier)  
 
 
The obtained polymers were purified and characterized by MALDI-TOF 
MS and GPC. MALDI-TOF analysis, performed after samples 
purification, indicated that Zn derivate (Zn-CPH) contained oligomers 
up to 3 repeat units, whereas polymerization of Zinc-free CPH, 
displayed a higher number of porphyrin units along the cyclic chains 
(see Figure 2.14).  
 

 
 
Figure 2.14. Positive MALDI-TOF mass spectrum, acquired in 
reflection mode of CPH. 
 
The GPC data, calculated by using PMMA as a standard, reported the 
Mass average molar mass (Mw) value for CPH of 4932, lower than of 
CPC (10586).   
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2.4.1 Formulation and characterization of freestanding graphene 
foam/porphyrin polymer nanocomposites  
 
Nickel foam covered by G was embedded with the polymeric 
photosensitizers were formulated. GF pieces of about 5 mm × 20 mm 
were characterized by SEM, and weighted. The GF composites were 
formulated by dissolving known amounts (~10 mg) of each polymer 
sample (CPH and CPC) in 1 mL of DMF. After, the GF pieces were 
immersed into the obtained solutions overnight, removed from the vials 
and dried under vacuum at 50°C [Figures 2.15 (a)-(c)]. The obtained 
materials were weighted again to estimate the amount of cyclic 
porphyrin polymers non-covalently attached to the GF surfaces. In both 
cases (CPH and CPC), the weights registered after deposition 
indicated amounts lesser than 0,4 mg. To gain information on the 
strenght of the non-covalent bound at the interface, samples were 
washed several times by using fresh DMF and CHCl3. After, XPS 
analyses were performed.  
 

 
Figure 2.15. Formulation of GF/polymer nanocomposites: (a) the 
immersion of GF in porphyrin-polymer solutions, (b) dried GF/CPH and 
(c) dried GF/CPC samples. 

 
Data on the surface composition of both porphyrin-based freestanding 
devices were collected. The wide range XPS spectra (survey) related 
to the GF/CPH and GF/CPC composites are shown in the left panel of 
Figure 2.16. As showed, both the survey spectra evidenced the 
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presence of carbon and oxygen species, as expected. The nitrogen 
contribution, instead, is not visible because of the low amount in both 
the nanocomposites (see Table 2.3).  

 

 

 
Figure 2.16. Left panel: wide range XPS spectra (survey) of (a) 
GF/CPH and (b) GF/CPC; Right panel: high resolution N1s XPS 
spectra of (c) GF/CPH and (d) GF/CPC. 

 
Table 2.3  
XPS relative atomic percentages as obtained by the spectra of 
GF/CPH and GF/CPC 

 

 C 1s (%) O 1s (%) N 1s (%) Ni 2p 

GF/CPH 57.8 30.5 2.7 9.0 

GF/CPC 86.3 11.2 2.0 <0.5 

 

 
The spectral signals from the nickel substrate are visible only in in 
GF/CPH sample, thus indicating that in the case of the CPC, a 
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smoother coating was produced on the Ni-graphene surface than in 
the homopolymer. The elemental percentages reported in Table 2.3 
showed that the amount of carbon is significantly higher in the case of 
GF/CPC than in GF/CPH. This finding was in agreement with the 
molecular structures of the two compounds sketched in Figure 2.1, 
having the copolymer long organic spacers between the porphyrin 
units. In order to inspect the electronic structure of porphyrin-based 
compounds, the high-resolution regions related to the N1s and C1s 
signals (see Figures 2.16 and 2.17) were investigated [32,33].  

 
Figure 2.17. C1s XPS spectra of (a) G (b) CPC powder (c) GF/CPC 
and (d) GF/CPH 
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As widely reported in the literature, the N1s XPS represents a sensitive 
probe of the charge distribution in the porphyrin macrocycle, being 
strongly affected by their periphery and intermolecular interactions as 
well [34-37]. In agreement with the literature data related to the free-
base porphyrin, the N1s signal consists of a doublet with the two 
components centered at 400.2 eV and at 398.2 eV, in both GF/CPC 
and GF/CPH spectra. Such binding energy (BE) values are 
diagnostically attributed to the presence of the pyrrolic (-NH-) and to 
the iminic (-N=) species, characteristic of the porphyrin ring [38,39]. 
Nonetheless, as seen by comparing Figures 2.16 (c) and (d), the 
bandwidths of the pyrrolic and iminic components are notably different 
in both cases, being the Full Width at Half Maximum (FWHM) ~1.34 eV 
in the case of GF/CPC and ~1.82 eV in that of GF/CPH. Such 
dissimilarity is attributed to a diverse chemical surrounding 
experienced by the nitrogen atoms of the macrocycle in the two 
porphyrin-based compounds. In particular, the enlargement of the 
bands observed in the case of GF/CPH can be caused by the 
intermolecular stacking occurring between the porphyrin unit along the 
chains. On the other hand, in the case of GF/CPC, such intermolecular 
interaction was limited by the long organic sequences of 
aromatic/aliphatic spacers that separate the porphyrin units in the 
CPC. The C1s XPS region, was detected for G, CPC powder, GF/CPC 
and GF/CPH [see Figure 2.17 (a-d)]. In the case of the G substrate, 
the C1s signal consists of a narrow band (FWHM of 1.2 eV) centered 
at 284.7 eV. The C1s XPS spectrum obtained from the powder of the 
CPC [Figure 2.17 (b)] revealed the presence of two components 
positioned at 285.0 eV and at 286.5 eV, both with FWHM of 1.5 eV. 
Such bands are due, respectively, to the C-C, C=C, C-H and to the C-
O, C=N, C-N species of the porphyrin structure [38]. The spectra 
related to the two GF composites [Figures 2.17 (c) and (d)] were very 
similar to that of the powder. Nevertheless, a slight enlargement of the 
FWHM was observed after the surface functionalization (1.7 eV vs 1.5 
eV), as an effect of the interaction of the molecule with the surface [32, 
33]. These observations are confirmed by the XPS analyses carried 
out on the powders of CPH and CPC, taken as references (see 
Figures 2.18).  
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Figure 2.18. N1s XPS spectra carried out on the powders of (a) CPH 
and (b) CPC 
 
The analyses, in fact, further demonstrated the spectral differences 
between the two porphyrin-based structures, showing the broadening 
of the N1s XPS bands for homopolymer, compared with the copolymer. 
Based on these results, the organic chains used as linker to join the 
porphyrinic units can modulate the intermolecular π-π stacking of the 
aromatic rings and, consequently, the final electronic structures of the 
macromolecular system.  
SEM analysis of GF/CPH and GF/CPC were also carried out to 
observe the morphology of polymeric coating onto the GF surface. In 
Figure 2.19, the different abilities in covering the nickel-graphene foam 
for the CPH [Figures 2.19 (a)-(c)] and the CPC films [Figures 2.19 (d)-
(f)] were reported and compared.  
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Figure 2.19. SEM images obtained in the Inlens mode at different 
magnifications of: the as-grown nickel-graphene structure covered with 
the hopolymer (a)-(c) and with the copolymer films (d)-(f). 
 
In both cases, the polymers coated the total surface of the foam 
[Figures 2.19 (a)-(b) and (d)-(e)]. However, their morphology showed 
clear differences, appearing quite smooth in the copolymer case 
[Figure 2.19 (f)], while it results much rough in the CPH [Figure 2.19 
(c)]. The morphologies of the two devices can be attributed to the 
different microstructure as well as Mw (see Table 1) of the two types 
of macromolecules involved. Higher Mw values, together with the 
presence of 1,20-di(biphenoxide-A) eicosane moieties along the 
chains, could provide a better coating due to the higher copolymer 
viscosity. In this regard, in Figure 2.19 (e) it is possible to appreciate 
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that two separate parts of GF remained linked by polymeric copolymer 
film formed after solvent evaporation. The experimental data reported 
above indicated the presence of an intimate contact at the G-polymer 
interface. This evidence suggested the existence of non-covalent 
interactions among porphyrin polymers and GF, able to accomplish the 
charge transfer process between the photoactive polymer and 
graphene substrate. At the same time, a uniform coating of polymer 
material was obtained, helping to protect the graphene surface from 
the direct exposure of light and OH• radicals.  
To finely explore the morphologies and appreciate the roughness 
parameters of porphyrins and cyclic-porphyrin polymers onto the 
graphene surface, we performed AFM analysis onto 2D reference 
nickel/graphene substrates. These samples were prepared following 
the same procedure used for 3D GF composites. Lower magnification 
topographic AFM images (Figure 2.20) evidenced a well distributed 
and extended coating for CPH and CPC films, if compared to porphyrin 
monomers.  
 

 
 
Figure 2.20. Topographic AFM image at lower magnification of (a) 
GF, (b) GF/monomer, (c) GF/CPH and (d) GF/CPC. 
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Nevertheless, higher magnification AFM analyses of the three samples 
demonstrated relevant morphological differences. In Figure 2.21 the 
AFM images at higher magnification collected for (a) pristine G surface, 
(b) G/porphyrin monomer, (c) G/CPH and (d) G/CPC were reported. 
As it is possible to notice from Figure 2.21 (b), porphyrin monomers 
formed on the exposed surface round shape nano-aggregates as well 
as nano-tubular structures. The statistics on morphological parameters 
for this sample revealed a peak-to-peak (i.e. the highest probed height 
difference by the AFM tip) of 2 nm and a value of RMS of 2.3 nm (all 
rough surfaces exhibit perpendicular height fluctuations which are 
characterized by a Root Mean Square, RMS, quantifying the surface 
roughness). As the width of porphyrin units are estimated to be about 
2 nm, we might suppose that they are tilted up perpendicularly to the 
surface forming non-photoactive H-nanoaggregates types. The round 
shaped nano-domains whose molecules, without specific form, 
possess a peak-to-peak of 19 nm. The G/CPH and G/CPC AFM 
images [Figures 2.21 (c) and (d), respectively] showed a better 
coverage of the underlying graphene and non-columnar structures 
were presented. Nonetheless, more nano-globular structures appear, 
with a peak to peak of 20-30 nm and a RMS of 9.2 nm for the CPH, 
whereas 69 nm with a RMS of 4.7 nm were registered for the CPC. 
This difference can be attributed to the bigger sizes of macromolecules 
in the CPC materials than in CPH [see GPC data in Table 2.1]. 
Moreover, the nanoaggregates on the surface of CPH appear very 
close each other [Figure 2.21 (c)], whereas the CPC topography 
[Figure 2.21 (d)] clearly showed a much lower surface density of these 
nanoglobular shape onto the surface and, hence, a much higher flat 
surface available for photocatalytic processes. This fact can be 
attributed to the different cyclic hindered conformational geometries of 
the CPH and CPC compared to the monomers. In particular, CPC are 
characterized by longer spacers between porphyrin units that further 
avoid the π-stacking between them and, as a consequence, strongly 
reduce the formation of non-active aggregates, as evident in Figure 
2.21 (d).   
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Figure 2.21. Topographic AFM images of (a) G, (b) G/Monomer, (c) 
G/CPH and (d) G/CPC.  
 

2.4.2 Photocatalytic activity.  
The photocatalytic activity under visible-light irradiation of the hybrid 
materials was evaluated and compared by degrading MB dye water 
solution. As described in the experimental section, graphene polymer 
nanocomposites samples were immersed in 2 ml of MB solution 0.015 
mM and left overnight in dark to reach the adsorption-desorption 
equilibrium. In Figures 2.22 (a)-(b), the normalized A/A0 values (where 
A and A0 are the actual and starting MB absorptions, respectively) of 
MB as a function of the photo-exposure time during both the dark and 
visible-light experiments are reported.  
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Figure 2.22. Photocatalytic activity of the (a) GF/Zn CPH (black line), 
GF (purple line), GF/Monomer (blue electric line), Ni Foam/CPH (green 
line), and (b) GF/CPC (black line) and GF/CPH (red line) compared in 
both cases to the discoloration of pure MB under visible light irradiation. 
In Figures (c) and (d) are reported the photocatalytic degradation 
efficiencies by using MB.  
 
 
To dispel any doubts on the efficiency of the GF device in promoting 
photocatalysis, CPH was tested also on pristine Nickel foam surface 
(without graphene). As shown in Figure 2.22 (a), CPH embedded on 
Nickel foam (Ni Foam/CPH, green trace) displayed 7% of decrement 
in A/A0 values, indicating a very low photocatalytic activity. Similarly, 
GF with porphyrin monomers, as well as GF/Zn CPH did not give 
significant catalytic efficiency [Fig. 2.22 (a)], whereas a huge increment 
in degrading MB molecules was evident for the GF surface covered by 
the two different photoactive polymers [GF/CPH and GF/CPC devices 
in Fig. 2.22 (b)]. It was demonstrated that the porphyrin monomers 
onto Ni foam did not show a significant activity, likely due to a too fast 
recombination of the electron-hole pairs formed by irradiation. When 
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porphyrins were coupled with GF, the contact interface between them 
(i.e. the potential established across it) prevented charge 
recombination.  The electron transfer process and, as a consequence, 
photocatalytic activity of graphene/porphyrin composites, could be 
affected by morphological differences, as evidenced from SEM and 
AFM analyses of CPH, CPC and porphyrin monomer (Figs. 2.19 and 
2.21). It is worth to note, indeed, that a typical dewetting phenomenon 
occurred after bath deposition forming porphyrin aggregates. The 
length of the spacers between porphyrin units could drive this 
phenomenon, and as a consequence, changes in coating were 
observed. Moreover, the different coating of CPH compared to the 
CPC (Figure 2.20) could derive also by their different molecular 
masses values. As far as the monomer case is concerned, we cannot 
exclude that its deficiency in photocatalytic activity on graphene 
surface could arise from an inadequate coverage of the underneath 
graphene substrate. Concerning the low photocatalytic activity of Zn-
CPH, it might be ascribed to the discrete amount of unreacted 
monomer into the casted solution as well as its low degree of 
polymerization. According to the Langmuir-Hinshelwood model, we 
also evaluated the photocatalytic reaction rate, k, given by the following 
equation: ln(C/C0) = -kt, where C and C0 are the actual and starting MB 
concentrations, and t is the time of exposure [40]. The values of the 
reaction rate k reported in the ordinate axis are normalized to the k 
value found in the absence of any catalyst materials (K/KMB). The data 
calculated for our samples were reported in the Figures 2.22 (c)-(d), 
remarkably defining the followed order in term of PCE: GF/CPC > 
GF/CPH >> Ni Foam/CPH> GF/Zn-CPH > GF/Monomer > GF. The 
higher performance of CPC than CPH could be attributed to the 
presence of secluded porphyrins along the cyclic chains that better 
avoided agglomerations. Outstanding, the amount of porphyrin 
polymers in CPC was about 60% less than CPH. In any case, it was to 
highlight that only 0,4 mg of polymers supported on 6 mg of GF were 
able to explicate outstanding photocatalytic efficiencies compared with 
the recently findings [3,16,41,42]. In addition, the realization of 
freestanding devices was formulated. As a consequence, further 
separation steps from water solution, needed in case of dispersed 
catalyst such as TiO2, were avoided [16,41,42]. Obviously, different 
parameters related to the CPC photoability have to be addressed, such 
as the length and structure of spacer between porphyrin units as well 
as the MM values and distribution.  
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Regarding the practical water remediation issue, recyclability is an 
important property required by photocatalytic devices. Therefore, some 
recyclability tests were performed. In particular the stabilities of 
GF/CPH and GF/CPC devices was evaluated performing MB 
degradation test for three times. After the first cycle, carried out as 
described in the experimental section, the photocatalysts were 
removed from water, washed thrice with water, dried for 12 hours and 
used for the second and the third cycles. The Figure 2.23 (a), 
concerning GF/CPH, indicates about 60% degradation of MB in the first 
cycle while it decreases to about 40% and 20% in second and third 
cycle, respectively. Whereas, from the Figure 2.23 (b), the percentage 
of MB degradation for GF/CPC decreases from 71% to the 22% from 
the first to the third cycle. Considering that each run lasts 300 minutes, 
our systems are able to perform an outstanding photoactive action up 
to 700 min.  
SEM analysis of GF/CPH and GF/CPC [Figures 2.23 (c) and (d)], 
carried out after the third run, shows a sensible damage of polymer 
coating on graphene surface. This phenomenon could be attributed to 
the ROS which have acted a significant erosion. This indicating that 
the reduction of photocatalytic action was mainly due to degradation of 
macromolecules on graphene surface.  
 

 
 
Figure 2.23. Recyclability of (a) GF/CPH and (b) GF/CPC for three 
subsequent cycles. SEM images obtained in the Inlens mode at 1.00 
KX magnification of (c) GF/CPH and (d) GF/CPC after the third cycle.  
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To test if graphene surface was still able to exploit its co-catalytic 
properties, we embedded again the GF with the CPC polymers 
solution, washed with DMF and dried for 12 hours obtaining a restored 
material for a new recyclability experiment. The same procedure was 
repeated two times. Figure 2.24 reports the % of MB degradation for 
each experiment, evidencing that device performance was kept almost 
constant in the second experiment with a partial decrease in the third 
one. 

 
Figure 2.24. Recyclability after re-deposition of CPC on depredated 
GF/CPC. 
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2.5 Nickel removal from graphene foam polymer composites 

Previously it was well demonstrated as the non-covalent assembly of 
porphyrin based polymers with a G platform supported by Nickel (Ni), 
represents an efficient method to avoid the electron-hole 
recombination mechanism as well as other critical issues deriving from 
the use of G derivatives, and thus obtaining very effective materials for 
water purification. However, the Ni content in such kind of materials 
represents an important limiting factor. Undeniably, Ni removal is 
strictly required for applications in the water field, being an a 
contaminant (≥ 0.010ppm) harmful for aquatic and human life. In light 
of this, in this section a time-saving method to remove Ni from G 
avoiding the collapse of the 3D structure during the nickel-etching will 
be presented [43]. In particular, the 3D collapse constitutes an 
important critical issue for the production of G foam from Ni template 
by Chemical Vapor Deposition (CVD) [31]. After growing onto the Ni 
substrate, the production of G foam required a multi-step process 
which includes polymer infiltration, etching by acidic solution, solvent 
washing to dissolve the polymer coating and finally, drying or 
lyophilization. These latter two steps are crucial to obtain a foam-like 
network graphene, avoiding its structural collapse. As well stated, the 
etching procedure to eliminate nickel catalyst substrate requires the 
graphene protection by spin-coating polymers such as commercial 
poly-methylmetacrilate (PMMA) or polydimethyl siloxane (PDMS) [44]. 
Subsequently, the sample is etched using HCl 3M, then, it is dried and 
passed in hot-solvent to remove the polymer, obtaining the final 
product to employ. However, this step results to be critical inducing the 
3D structure collapse caused by the liquid capillary force involved 
during solvent evaporation, that provides a thinner G than the pristine 
Ni-Foam [45]. Thus, polymer removal drastically limits the use of Ni-
free/G as freestanding materials. In recent papers, concerning the 
formulation of conducting G foam devices, the collapse of the 3D 
structure was avoided by non-removing the protective polymer coating 
that remains as a part of the final material [38,44]. Taking into account 
this strategy, the novelty here reported consists in preparing the Ni-free 
sample in a one-step process preserving via photocatalyst coating, the 
G support [see Figure 2.25 (a)-(d)]. In particular, CPC which resulted 
as the most promising photoactive polymer, was used with the double 
function of the photoactive part of the device and protective coverage, 
as well. Thus, the hybrid system was etched. This treatment avoided 
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the collapse of the network obtaining the final photoactive material 
without any additional steps. The as-prepared Nickel free sample, was 
subjected to morphological and physico-chemical characterizations 
reported as follows.  
 

 
 

Figure 2.25. (a), (b) an as-grown 3DG coated with a thin layer of Porph 
rings by a spin-coating deposition method and (c), (d) a Ni free 
GF/CPC sample after etching by hot HCl 1M solution maintaining the 
typical 3D graphene structure.  
 
2.5.1 Ni-free composite characterization.  
 
To demonstrate that the etching procedure did not affect the 3D 
structure of GF, SEM images of pristine Ni-foam [see Figure 2.26 (a)], 
as-deposited graphene [Figure 2.2.6 (b)] and GF/CPC [ Figure 2.26 
(c)] samples were compared with the Ni-free sample [Figure 2.26 (d)]. 
Figure 2(d) showed that the morphology of the Ni-Free GF/CPC 
sample appears unchanged after the etching procedure demonstrating 
the efficacy of the polymer-layer onto the graphene surface to protect 
the G network from collapse of the structure.  
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Figure 2.26 SEM images obtained in the Inlens mode of (a) Ni-foam 
(b) GF (c) GF/CPC (d) Ni-free GF/CPC 
  
To ascertain that the etching procedure did not affect the nature of the 
polymer coating and its related interactions with the G substrate, XPS 
analysis was performed. Furthermore, XPS provided also information 
about the effective removal of Nickel. Figure 2.27 (a) reported the XPS 
N1s region of the Ni-free GF/CPC sample. The signal consists of two 
components centered at 400.2 eV and at 398.2 eV, indicating the 
presence of the pyrrolic (−NH−) and to the iminic (−N=) species of the 
CPC respectively [39,44].  Furthermore, the C1s region [Figure 2.27 
(b)] revealed two components positioned at 285.0 eV (FWHM of 1.5 
eV) and at 286.5 eV (FWHM of 1.7 eV), due respectively to the C-C, 
C=C, C-H of the G and to the C-O, C=N, C-N species of the GF/CDC 
structure. 
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Figure 2.27. XPS spectra of Ni-free/GF-CPC sample in the (a) high 
resolution N1s region and (b) high resolution C1s region.  
 

To confirm the Nickel removal after etching, we also performed a 
quantitative analysis by using Inductively Coupled Plasma-Mass 
Spectrometry (ICP-MS). In Table 2.3 the Nickel contents are reported 
before and after sample etching. As it is possible to observe, the 
residual Ni amount after the etching procedure, was lower than 100 

g/cm2. 

GF GF/CDC Ni-free GF/CPC 

165,736 mg/cm2 166,066 mg/cm2 94 µg/cm2 

 
Table 2.3. Nickel content in G samples before and after etching. 
 
2.5.2 Photoluminescence quenching experiments. 
The charge electron-transfer processes in hybrid systems were 
evaluated by analyzing the influence of the G presence on the optical 
emission of the polyporphyrins [6]. Since photoluminesce (PL) 
emission strongly depends on the radiative recombination rate of 
excited electron-hole pairs, additional electron pathways occured it 
decreases.  
As reported in the literature, the coupling of photoactive systems with 
graphene-based materials produced a quenching in the PL intensity 
induced by additional electron-transfer process due to the G interaction 
at material interfaces [15]. Figure 2.28 compares the PL emission 
collected under excitation at 325 nm on GF/CDC and on Ni-free 
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GF/CPC with a reference CPC on pristine Ni-foam (Ni-Foam/CPC). In 
all cases the PL emission exhibited a broad band composed by two 
peaks centered at 660 and 720 nm, related to their QX(0–0) and QX(0–
1) transitions respectively.  

 

Figure 2.28. PL spectra of Ni-Foam CPC (black rumble), Ni-Foam 
CPC (fuchsia triangle), Ni-free GF/CPC (purple circle) collected upon 
excitation at 325 nm. 

However, it was evident an effective quenching in the case of Ni-foam 
GF/CPC and a quasi-total disappearance of characteristic emission 
band for the Ni-Free GF/CPC with a slightly blue-shift of the signals. 

This key result validates that - interactions between porphyrin 
aromatic moieties and graphene took place, allowing a remarkable 
electron transfer at the polymer interface [6]. Different phenomena 
could justify the further PL quenching after nickel removal, such as the 
change in graphene electronic structure as well as an enhanced 

graphene -delocalization after electron injection [46-48].  

2.5.3 MB degradation test of Ni-Free GF/CPC composite  

The photocatalytic activity versus MB (Figure 2.29) is tested by 
comparing the results with those reported in the previous sections. The 
dark adsorption data of all the samples are reported in Figure 2.29 (a) 
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evidencing a major adsorption in the case of the Ni-free material. This 
value was most likely due to hollow channels of G, formed after Ni 
removal and exposed to the MB solution. When the 
adsorption/desorption equilibrium was reached, samples were 
exposed to the visible light.  

 
Figure 2.29. (a) Photocatalytic activity of GF, GF/CPC, Ni-Free 
GF/CPC toward the degradation of MB after 120 minutes of light 
irradiation; (b) Time dependent absorption changes of MB upon visible 
irradiation in presence of Ni-free GF/CPC.  

 

Data collected after 120 minutes of light irradiation revealed that Ni-
free GF/CPC degraded 93.4% of MB [see also Figure 2.29 (b)], 
whereas the Ni-foam GF/CPC showed 60% of photo-degradative 
capacity. As expected, also the Ni Foam GF, used as external 
reference did not exhibit MB degradation. These results indicated that 
the Ni-removal played a key-role in the photodegradation, eliminating 
almost all MB after only 120 minutes of VL irradiation. According with 
PL measurements, the boost of the photocatalytic efficiency was 
reasonable owed to a more effective electron-transfer process at the 
graphene interface. Also in this case, compared with the performance 
of similar devices [8,10], this hybrid sample offered the great 
advantage to use a standalone system [10], cointaining only 0,4 

mg/cm2 of photocatalyst, [8,49] showing valuable photoability under 
visible-light irradiation. 
 

  



 

 81 

2.5.4 Photocatalytic degradation of emerging pollutants. 

The photocatalytic activity of Ni-free GF/CPC hybrid material was 
monitored by UV-Vis, total organic carbon (TOC) and Mass 
Spectrometry (MS) techniques selecting as target pollutants the 
pesticide 2,4-dichlorophenoxyacetic acid (2,4-D), MB dye, and the 
water soluble polyethylene-glycol (PEG). The 2,4-D herbicide is widely 
used in agricultural sector although it is well renewed its toxicity 
accomplished by a poorly water biodegradability [18]. Concerning the 
PEGs, controversial opinions was reported on its safe environmentally 
use. This hydrophilic polymer, which is often included in several 
copolymeric formulations for a wide range of applications, is 
considered biodegradable up to 10 monomeric units. However PEG 
with higher molar masses are commonly used for cosmetics, 
detergents and biomedical purposes, becoming an insidious threat for 
the environments [50-53]. In Figure 2.30 (a-b) are reported the ESI-
MS spectra of (a) 2,4-D pristine solution and (b) after 6 hours of visible-
light irradiation in presence of the photocatalyst. As shown from the 
spectra, the ESI-MS peaks associated to the 2,4-D molecules (m/z at 
218.95/ 220.95), disappeared after the photocatalytic procedure. 
Conversely, the lesser abundant signals at m/z 160.95/162.94 
assigned to the main degradation product 2,4-dichlorophenol [18], 
significantly increased after the photocatalyst addition. The initial 
presence of 2,4-dichlorophenol molecules in the pristine sample 
derived from synthesis impurity.  Although the formation of by-products 
indicated the occurrence of herbicide degradation, 2,4-D mineralization 
was not successfully achieved under these experimental conditions. 
Indeed, as revealed from UV-Vis and TOC analyses, absorbance 
profiles as well as TOC values remained unchanged during the photo-
exposure, most likely due to the formation of recalcitrant 2,4-
dichlorophenol and other chlorinated species in solution. As expected, 
this intermediates are very difficult to mineralize by Vis-light 
photocatalytic process [54,55] requiring more severe experimental 
conditions.  
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Figure 2.30. ESI-MS spectra collected in negative ion mode for: (a)  
untreated 2,4 D solution and (b) Visible-light photo-exposed 2,4-D 
solution after 6 hours of irradiation time. 

 
 
Photodegradation ability of hybrid material was tested also on PEG 
solution. Among water soluble polymers, PEG is constituted by a 
simple molecular structure representing an adequate compound for 
studying photocatalytic degradation features. To this purpose, a 
sample having a narrow polydispersity (D= 1,09) with an Mw of 1900 
Da was selected to allow the simultaneously determination of Molar 
Masses and degradation products as well, by MALDI methods during 
photoexposure. Figure 2.31 (a-c) reported MALDI TOF spectra 
collected in reflectron mode of (a) pristine PEG sample; after (b) 3 
hours and, (c) 6 hours of photo exposure in presence of the 
photocatalyst. As it is possible to notice from the figure, relative 
abundance of signals corresponding to PEG macromolecular chains, 
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significantly decreased as the exposure time proceeded, producing 
oxidized polymer chains at lower mass range. Degradation products 
deriving from photocatalytic process are assigned to PEG oligomers 
having formic acid, aldehydic and alcoholic end-groups. After 6 hours, 
progressively degradation took place, leading to the disappearing of 
initial PEO distribution with formation of much lower macromolecular 
oxidized chains, that cannot be detected being lower to the mass range 
inferior limit. Photochemical oxidation mechanism proposed in 
literature for PEG [51,53,56] well fitted with the products revealed by 
MALDI, mainly involving the ROS attack on CH2 groups with a random 
chain scission pathway. At this stage mineralization measured by TOC 
revealed the 85% of PEG removal (Figure 2.32). 
 

 
 
Figure 2.31. MALDI-TOF spectra of (a) pristine PEG sample and after 
(b) 3 hours and (c) 6 hours of photo-exposure 
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Figure 2.32. TOC measurements of pristine PEG irradiated for 6 hours 
(Blank) and PEG treated with Ni-free/G-Porph rings after 3 hours (PEG 
3 hours) and 6 hours (PEG 3 hours) of photoexposure. 

 

 

2.5.5 Reactive oxygen species determination and proposed 
degradation mechanism.  
The photochemistry of the material was investigated by the qualitative 
evaluation of the ROS produced, by following methods described in ref. 
7, 52 and 53. Generally, when a photocatalyst is irradiated by light, 

ROS such as hydroxyl radical (OH˙), superoxide radicals (𝑂2
⋅ −) and the 

singlet oxygen (1O2) are generated [10]. These reactive species are 
able to degrade the pollutants by red-ox reactions [2]. Compared with 
inorganic photo-catalysts, the formation of 1O2 is a distinctive feature 
of photosensitizers. The singlet oxygen is a selective oxidant specie 
able to promptly react with unsaturated double bonds, phenols, 
sulfides, amines and other electron-donor compounds [57]. In addition, 
it explicates a highly cytotoxic action versus cells and microorganisms 
becoming particularly attractive in wastewater treatment for its dual 
function of decontamination and disinfection [58]. The discrimination 
among the produced ROS can be obtained by introducing specific 
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radical-trapping agents during the light exposure. These scavenger 
molecules interacting with the related photo-generated radicals, inhibit 
their reaction with the organic pollutant. In particular, ethylene diamine 
tetraacetic acid (EDTA), t-BuOH, nitro-blue tetrazolium (NBT) and 
9,10-anthracene-diyl-bis(methylene)dimalonic acid (ABDA), can be 
efficiently used to scavenge photo-generated holes, hydroxyl radical, 
superoxide radical and singlet oxygen respectively [57,59,60]. 
Consequently, the photochemistry mechanisms involved during 
photoexcitation can be better elucidated. In particular, samples of 1 
cm2 of Ni-free photocatalyst were immersed in MB solutions up to the 
adsorption-desorption equilibrium. Then, increasing volumes of 
trapping agents from 1 mg/L up to 10 and 15 mg/L were added to the 
solutions evaluating their inhibitory effect on MB degradation (Figure 
2.33). Figure 2.33 displayed the degradation tests collected by adding 
15 ppm of trapping agents together with the MB degradation trace of 
our sample and compared. As it is possible to observe from the Figure 
2.34, the addition of t-BuOH did not affect MB photo-degradation trend. 
On the contrary, when EDTA was added to the solution, the MB 
experienced only a decrement of 52% denoting as photo-generated 
holes took part to the process. Similarly, the presence of NBT and 
ABDA seems to determine inhibition of MB degradation. As well 
known, their scavenger effects can be referred to the presence of 
superoxide radical and singlet oxygen respectively. These findings are 
entirely in agreement with recent literature reporting similar systems, 
proposing also an increase of singlet oxygen quantum yield induced by 

graphene-porphyrin - interactions [10].  
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Figure 2.33. Effect of ABDA, NBT, EDTA and t-BuOH radical-hole 
scavengers on the degradation rate of MB by using the Ni-free/G-
Porph rings sample. The inhibition of the MB degradation due to the 
ABDA oxidation indicates the effective ROS production during 120 
minutes of irradiation time. Among the produced ROS, 1O2 constitutes 
the predominant species.  

To gain a better insight into the photodegradation mechanisms, it was 
very important to understand the electronic properties of the Porph 
rings (i.e. HOMO and LUMO levels). Although the Cyclic Voltammetry 
(CV) represents an appropriate tool to estimate the frontier orbitals, it 
often requires the combination with other techniques, such as UV-Vis 
spectroscopy [61,62]. CV curves were referred to ferrocene by taking 
E1/2(Fc/Fc+) = 0.429 V vs SCE (Figure S3). From the inspection of the 
CV measurements on the Porph rings reported in Figure 5, the small 
oxidation and reduction peaks at ~1.6 and ~0.4 V vs Fc/Fc+ are 
attributed to traces of the residue monomer molecules, as 
demonstrated by the CV curve of the porphyrin monomer solution 
(Figure S5). The presence of residue porphyrin monomer was also 
confirmed by the MALDI spectra (Figure S1). Thus, the high and 
irreversible reduction peak at -0.6 ± 0.2 V vs Fc/Fc+ was ascribed to 
the Porph rings (half of FWHM was used to evaluate the error). HOMO 
(EHOMO) and LUMO (ELUMO) energy levels can be estimated from 
oxidation (Eox) and reduction (Ered) peaks potential as follows: 
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EHOMO= -(Eox. vs Fc/Fc+ + 4.8) eV  (1) 

 ELUMO= -(Ered. vs Fc/Fc+ + 4.8) eV (2) 

where 4.8 eV is the formal potential of the Fc/Fc+ redox couple in the 
Fermi scale [62]. CV curves were referenced to ferrocene by taking 
E1/2(Fc/Fc+) = 0.429V vs SCE (Figure S5). According to equation (2), 
the LUMO energy level of the Porph rings was estimated to ELUMO= -
4.2 ± 0.2 eV. On the other hand, by UV-Vis absorption measurement 
(Figure S6) of the optical bandgap (Eg) as Eg= 2.2 eV were performed, 
estimating also for the first time the HOMO energy level as EHOMO= 
ELUMO -Eg, finding the equation (1) EHOMO = -6.4 ± 0.2 eV [56,63,64].  

 
Figure 5. Cyclic voltammetry of Porph rings recorded at 25 mV s-1 scan 
rate in 0.1 M TBAPF6 in dichloromethane solution. Ferrocene was 
used as internal standard. 

 
 
On the basis of these experimental data, degradation mechanisms of 
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the Ni-free GF/CPC were proposed and summarized in Figure 2.34. 
The work function (E) of graphene versus vacuum can be calculated to 
be about 4.42 eV [53]. Considering the previous reported 
electrochemical measurements, the LUMO (-4.2 eV) and HOMO (-6.64 
eV) energy levels of CPC samples were assigned and plotted. Based 
on these data, the light-excited porphyrin electrons can be excited from 

its S0 to the S1* LUMO level. Here, the excited state S1
∗ can involve 

ISC resulting in a first excited tripled state S3
∗ as shown in equation 

(2.1). Supported by literature, this process is also facilitated by the 

presence of graphene, which can prevent the S3
∗ physical deactivation 

[62] and the electron-hole recombination between S1
∗ and the 

porphyrin ground state [10,57]. Since S3
∗ has a longer lifetime than S1

∗, 

it can transfer its energy to another molecule. In the presence of 
oxygen, S3

* transfers its energy to the oxygen triplet ground state, 
producing singlet oxygen (equation 2.2).   

𝑃(𝑆1
∗) →  𝑃(𝑆3

∗) (2.1) 

𝑃(𝑆3
∗)  +  𝑂 

3
2 →  𝑃(𝑆0) +  𝑂 

1
2  (2.2) 

At the same time, S3* can transfer electrons to oxygen (equation 2.3) 

as well as graphene, generating superoxide radicals (𝑂2
⋅ − ), in 

accordance with our radical-trapping experiments.  

𝑃(𝑆3
∗)  +  𝑂2 →  𝑃+ +  𝑂2

⋅ − (2.3) 
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Figure 2.34. Energy diagram of the proposed mechanism for the 
photocatalytic degradation of MB by using Ni-free GF/CPC as organic 
photosensitizer. 

 

2.6 Work in progress 
 
The previously described hybrid materials showed outstanding 

performances to degrade pollutants in water. However, freestanding 

photoactive graphene-based nanocomposites has not been deeply 

studied yet and very few examples exist concerning their applications in 

the water purification field. As a consequence, new promising hybrid 

nanomaterials based on porphyrin-polymers with different architectures 

(including open chains, block copolymers, hyperbranched,
 
star,

 
brush) 

could be designed and developed,
 

comparing their photocatalytic 

performances with the previous ones. In this context, Reversible Addition-

Fragmentation chain Transfer polymerization (RAFT) seem to be the most 

appropriate technique to obtain an excellent control in the polymer 

architecture, while also providing tunable structures
 

with narrow 

molecular-weight distributions (MwDs).  
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2.6.1 Reversible Addition Fragmentation chain Transfer (RAFT) 

polymers  

Since 1998, date of the first report about RAFT polymerization, a lot of 

attention is focused on its use for the synthesis of specific polymeric 

molecular architectures [65,66]. In particular, RAFT is a peculiar living 

radical polymerization (RDRP) [67], also known as controlled radical 

polymerization by which it is possible the synthesis of polymeric 

architectures characterized by predictable molecular masses value, 

low molar mass dispersity (Đ), high end-group fidelity, and capacity for 

continued chain growth. Today, with more than 8000 publications 

RAFT process is considered the most promising tool to generate 

materials with a broad range of applications from materials science to 

medicine [68-71]  

2.6.2 The RAFT process 

The RAFT process is based on an equilibrium between active and 

dormant chains, established by a degenerative transfer process. 

Particularly, the number of radicals during the activation−deactivation 

process remain constant and, as a consequence, a source of radicals 

is required, usually a radical initiator. In Figure 2.35 the proposed 

RAFT mechanism is reported. Specifically, in the first step (I) a radical 

initiator is activated and, the propagating radical species (Pn˙) are 

added to the RAFT agent (III), also called chain transfer agent (CTA). 

Thus, equilibrium between active and dormant species (steps III and 

V) is achieved. The latter steps are degenerate as they involve a 

reversible transfer of the functional chain end-group between the 

dormant chains (normally a thiocarbonylthio group, Z−C(=S)S−R 

group) and the propagating radicals (macroRAFT or macroCTA) 

representing the basis of the RAFT mechanism.  
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Figure 2.35. Mechanism of Reversible Addiction Fragmentation 

Transfer process. 

2.6.3 Porphyrin-based RAFT copolymers 

Taking advantage in the use of RAFT polymerization to formulate 

polymers with precise molecular weight, formulation of linear 

porphyrin-based RAFT homo-polymers and block copolymers could be 

done. After deposition on 3D-G materials, their photoability will be 

compared with those of 3D-G/CPC. Thus, a porphyrin acrylate, 

5,10,15-Tri[p-(9-methoxy-triethylenoxy)-phenyl]-20-(p-

acryloxyphenyl)-porphyrin [H2-P(TEG-ME)3Acr] was synthesized. 

However, being porphyrin-based polymers usually characterized by 

low transition temperature (Tg) ranging from 15 to 37 °C, depending 

on MMs value [], its copolymerization by using co-block possessing 

higher Tg value were designed (see Scheme 2.2).  
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Scheme 2.2 RAFT co-polymerization between [H2-P(TEG-ME)3Acr] 

and PiBA previously synthesized by RAFT polymerization. 

In particular, poly-isobornyl-acrylate (PiBA) was selected as ideal 

candidate having high glass transition temperature (Tg = 94 °C), along 

with its bio-based nature and transparency [72]. Hence, PiBA was 

synthesized by RAFT polymerization, optimizing the reaction 

conditions by changing parameters such as the radical initiator content 

and CTA:RAFT molar ratio. Furthermore, for each experiment, 

molecular weight distribution, kinetics studies and monomer 

conversion were evaluated as reported in Figures 2.36-2.39. The 

present work is still in progress in collaboration with prof. Brent 

Sumerlin at the University of Florida (Gaineville, USA). 
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Figure 2.36.  Synthesis of PiBA by RAFT polymerization by using 

iBA/CTA/AIBN molar ratio of 100/1/0.2.  

(a) Pseudo-first-order rate plot for iBA polymerization. 

(b) Evolution of the monomer to polymer conversion with reaction time. 

(c) GPC data of PiBA polymerization as a function of time in 

comparison with theoretical values.  

(d) GPC traces of the withdrawal acquired during the polymerization in 

fuction of the time. 
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Figure 2.37 Synthesis of PiBA by RAFT polymerization by using 

iBA/CTA/AIBN molar ratio of 100/1/0.5.  

(a) Pseudo-first-order rate plot for iBA polymerization. 

(b) Evolution of the monomer to polymer conversion with reaction time. 

(c) GPC data of PiBA polymerization as a function of time in 

comparison with theoretical values.  

(d) GPC traces of the withdrawal acquired during the polymerization in 

fuction of the time. 
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Figure 2.38. Synthesis of PiBA by RAFT polymerization by using 

iBA/CTA/AIBN molar ratio of 300/1/0.2.  

(a) Pseudo-first-order rate plot for iBA polymerization. 

(b) Evolution of the monomer to polymer conversion with reaction time. 

(c) GPC data of PiBA polymerization as a function of time in 

comparison with theoretical values.  

(d) GPC traces of the withdrawal acquired during the polymerization in 

fuction of the time. 
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Figure 2.39. Synthesis of PiBA by RAFT polymerization by using 

iBA/CTA/AIBN molar ratio of 200/1/0.2.  

(a) Pseudo-first-order rate plot for iBA polymerization. 

(b) Evolution of the monomer to polymer conversion with reaction time. 

(c) GPC data of PiBA polymerization as a function of time in 

comparison with theoretical values.  

(d) GPC traces of the withdrawal acquired during the polymerization in 

fuction of the time. 
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Materials and methods 
 
Materials. All solvents and basic materials were commercial products 
appropriately purified before use. 
 
Gel Permeation Chromatography (GPC).  
A Waters 515 HPLC pump, connected to four Ultra-Styragel HR 
columns joined in series (in the order: HR4, HR3, HR2 and HR1), and 
a Waters R401 diferential refractometer, were used for GPC analysis. 
Polymer solutions (1mg/ml, in THF) were injected and eluted at a fow 
rate of 1ml/min. Calibration curve was obtained using a set of primary 
polymethylmethacrylate (PMMA) standards. 
 
Matrix Assisted Laser Desorption Ionization–Time Of Flight 
(MALDI-TOF).  
MALDI /mass spectra were recorded in refector mode using a 4800 
MALDI TOF/TOF™ Analyzer (Applied Biosystem, Framingham, MA, 
USA), equipped with a Nd:YAG laser (λ=355nm) and working in 
positive-ion mode. External calibration was performed using an Applied 
Biosystems calibration mixture consisting of polypeptides with diferent 
molecular weight values. Mass accuracy was about 50 ppm. Te 
samples were prepared by mixing approximately 0.1mmol of the 
monomer or polymer and 40 mmol of trans-3-indoleacrylic acid (IAA, 
used as a matrix) on the sampler target, using THF as a solvent. Te 
m/z nominal values reported in the spectra, are referred to molecular 
ions constituted by the most abundant isotopes of each element 
present in the molecule. 
 
XPS analysis.  
XPS were performed by a PHI ESCA/SAM 5600 Multy technique 
spectrometer with the use of an Mg standard X-ray source. During the 
analyses, the pressure in the chamber was ~10−9 Torr. The 
measurements were carried out at 45° photoelectron take-of angle 
relative to the sample surface with an acceptance angle of ±3°. The 
analyzer pass energy was set at 23.5 eV for the high-resolution 
spectra. The binding energy (BE) scale was calibrated by centering the 
C1s signal of the aliphatic/aromatic component at 285.0 eV). Te 
analyses were performed on 2mm diameter surface area of the 
sample, much greater than the lateral size of any carbon island on the 
nickel foam surface. 
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Raman spectroscopy. 
Micro-Raman Stokes spectra were taken in backscattering geometry 
with a HORIBA Jobin-Yvon system, equipped with Olympus BX41 
microscope. He-Ne laser radiation at a wavelength of 632.8nm is 
focused to a spot size of about 1 μm by a 100× objective. The laser 
power on the sample was about 5mW, and a 550mm focal length 
spectrometer with 1800 lines/mm grating was used. 
 
UV–Vis spectroscopy. 
Absorption spectra were registered by using quartz cuvettes with a 
path length of 1 cm on a Shimadzu spectrophotometer at room 
temperature. For the experiment, different copolymer solutions (about 
1×10−6 M) were prepared, by using CHCl3,THF and DMF as solvents. 
 
UV–visible diffuse reflectance spectra (DRS) were recorded on a 
Varian, CARY 6000i within the wavelength range of 200–1100 nm by 
using a double-beam spectrophotometer equipped with an integrating 
sphere. In the used reflectance geometry, both the specular and diffuse 
components are sent to the detector in the integrating sphere.  
 
SEM and FIB analyses 
In order to study the samples morphology and the uniformity of the 
porphyrin coverage, 2D- and 3D-G hybrid structures were analyzed by 
scanning electron microscopy (SEM, Gemini 152 feld emission SEM 
Supra 25, Carl Zeiss, Oberkochen, Germany—images obtained in the 
Inlens mode). For cross-sectional analyses, 2D hybrid materials were 
carefully cut. The SEM images were recorded by the electron beam of 
a Versa 3D Dual Beam Focused Ion Beam (FEI, Hillsboro, OR, USA—
images obtained with a secondary electron detector in low-vacuum 
condition). 
 
Atomic force microscopy (AFM) 
AFM analyses were performed using a Bruker-Innova microscope 
operating in high-amplitude mode, and ultra-sharpened Si tips were 
used (MSNL-10 from Bruker Instruments, with anisotropic geometry, 

the radius of curvature∼2 nm, tip height∼2.5 μm, front angle∼15°, back 
angle∼25°, side angle 22.5°). The Si tips were substituted as soon as 
a resolution loose was observed during the AFM images acquisition. 
The AFM images were analyzed by using the SPM LABANALYSES 
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V7.00 software. In order to give representative parameters, statistics 
on the AFM images were carried out over different areas of the same 
sample. 
 
Determination of Total Organic Carbon (TOC) 
The mineralization of the pollutants after the irradiation in the presence 
of samples was evaluated by measuring the TOC content with a TOC 
analyzer (Shimadzu TOC-LCSH) equipped with a non-dispersive 
infrared detector.  
 
Inductively coupled plasma–mass spectrometry (ICP-MS). 
ICP-MS analysis was performed by using a NEXION 300X (PERKIN 
ELMER). A piece of 1 cm2 of Ni-free/3DG Copolymer were mineralized 
(700W, 40 minutes). 10 ppb of internal standard (Multielement 
standard solution for ICP -TraceCERT®) was added. 
 
Photoluminescence (PL) analyses. 
PL measurements were performed by sampling the same surface 
areas of the photocatalyst and reference as well (1 cm2), at room 
temperature by an He-Cd laser (excitation wavelength of 325 nm). PL 
signals have been recorded by a monochromator and a water-cooled 
Hamamatsu photomultiplier. 
 
Cyclic voltammetry measurements. 
Electrochemical analyses were performed to measure the HOMO and 
LUMO energy values of the Porph rings by using a potentiostat 
(VersaSTAT 4, Princeton Applied Research, USA) and a three-
electrode setup with Pt wires as working and counter electrodes, a 
saturated calomel electrode (SCE) as reference electrode and 0.1 M 
tetrabutylammoniumhexafluorophosphate (TBAPF6) as supporting 
electrolyte. The experiments were carried out on three different 
dichloromethane solutions containing 1 mg of porphyrin copolymer, 1 
mg of porphyrin monomer and TBAPF6. For each experiment 
dichloromethane solvent was preventively passed in molecular sieves 
and ferrocene was used as an internal standard (Figure S5). To 
evaluate the HOMO energy level we measured the optical bandgap 
(Eg) from the maximum value of the Qy (0,0) absorption band (554 nm) 
of UV-vis spectrum of Porph rings (Figure S6) by using Eg=hc/λonset  
where h is the Planck constant (6.63x10-34 m2 Kg s-1) and c is the 
speed of light (3x108 m s-1). 
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Synthesis of Ni-foam GF. 
Synthesis of  Ni-G samples were performed in AIXTRON’s Black Magic 
Chemical Vapor Deposition (CVD) system [19]. Systems was heated 
at 900°C for 20 minutes under Ar and H2 flows (600 and 400 sccm, 
respectively) to eliminate the residual thin surface oxide layer before 
Graphene growth. After, the chamber was heated up to 1000°C and 
the CH4  flow was opened for 40 minutes (flow rates of 20, 600 and 
1000 sccm for CH4, Ar and H2, respectively) and then cooled down at 
15°C/min to grow the graphene layers on the Ni foam surface.  
Characterization of graphene in terms of quality and number of layers 
was performed by Raman spectra. 
 
Synthesis of 5,10-di[p-(9-methoxytriethylenenoxy)phenyl]-15,20-
di[p-hydroxyphenyl]-porphyrin monomer.   
The monomer was synthesized by reaction between tetrakis-
p(hydroxyphenyl)-porphyrin and 9-methyltriethyleneoxy chloride in 
aqueous alkaline solution, as reported elsewhere [21]. 
 
Synthesis of 5,10-di[p-(9-methoxytriethylenenoxy)phenyl]-15,20-
di[p-hydroxyphenyl]-zinc porphyrin monomer.  
Zinc 5,10-di[p-(9-methoxytriethylenenoxy)phenyl]-15,20-di[p-
hydroxyphenyl]-porphyrin complex was obtained, as previously 
reported, by reaction between the 5,10-di[p-(9 
methoxytriethylenenoxy)phenyl]-15,20-di[p-hydroxyphenyl] porphyrin 
and the teen excesses fold of zinc acetate in pyridine [22]. 
 
Synthesis of 1,20-di(bisphenoxy-A)eicosane monomer.  
1,20-di(bisphenoxy-A)eicosane was obtained from 1,20-dibromo-
eicosane and bisphenol-A according to the method mentioned 
elsewhere [21].  
 
Synthesis of porphyrin homopolymers (CPH). The homopolyformal 
was synthesized according to the method described elsewhere23 by 
reaction of 5,10-di[p-(9-methoxytriethylenenoxy)phenyl]−15,20-di[p-
hydroxyphenyl]-porphyrin with CH2Br2. In a 2 mL vial, equipped with 
magnetic stirrer and placed in a water bath at 70 °C, 10 mg (0.01 mmol) 
of 5,10-di[p-(9-methoxytriethylenenoxy)phenyl]−15,20-di[p-
hydroxyphenyl]-porphyrin were solubilized in 0.5 mL of N-
methylpirrolidinone (NMP) together with 3 mg (a large molar excess) 
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of powdered KOH. After 1hour, 0.3mL of CH2Br2 (a large excess) were 
added and the vial closed. After 24hours, the solution was poured into 
5mL of 5% HCl under vigorous stirring and the obtained suspension 
was centrifuged to give a purple polymeric residue. The material was 
solubilized in 2mL of THF, precipitated in 5mL of water, centrifuged and 
dried in vacuum for 24hours (yield about 80%). Te polymer was 
characterized by MALDI-TOF mass spectrometry, GPC and UV-Vis 
spectroscopy. CPH based on zinc-porphyrin monomer was 
synthesized in a similar way starting from the specifc porphyrin 
derivative. 
 
Synthesis of porphyrin copolymer (CPC).  
Random copolymer was synthesized by interfacial etherifcation 
reaction. According to the method described elsewhere22, 
tetrabutylammonium bromide (TBAB) as the phase-transfer agent and 
a 50% (in moles) mixture of monomers were used, in the presence of 
a large excess of dibromomethane. Typically, 11 mg of 5,10-di[p-(9-
methoxytriethylenenoxy)phenyl]−15,20-di[p-hydroxyphenyl]-porphyrin 
(0.011 mmol) and 8.1 mg of di(bisphenoxy-A)eicosane (0.011mmol) 
were solubilized in 3mL of toluene in a 10mL closed vial and heated at 
70 °C. Ten, 4mg of NaOH (0.1mmol, a large molar excess), solubilised 
in 1mL of water together with 7.1mg of TBAB (0.022 mmol), were 
added and the solution was stirred at the same temperature for 1 hour 
before adding 0.5 mL of CH2Br2. After 24 hours, the organic solution 
was separated from the aqueous one and poured, under stirring, into 
a solution of 10mL of EtOH acidified by 0.5mL of CH3COOH. After 
separation by centrifugation, the precipitated material was dissolved in 
THF and precipitated in EtOH a further two times, washed with H2O, 
and then dried under vacuum. 14mg of a purple fibrous polymeric 
material was recovered with a yield of about 75%. The copolymer was 
characterized by MALDI-TOF mass spectrometry, GPC and UV-Vis 
spectroscopy. 
 
Hybrid nanocomposites preparation 
To prepare hybrid nanocomposites, 2D and 3D (pieces of 15 mm×10 
mm) graphene were immersed in 10 mg/ml of porphyrin solutions. In 
particular, in the case of 2D-G were used three different solvents, 
dimethylformamide (DMF), tetrahydrofuran (THF) and chloroform 
(CHCl3). After 12 h, the THF and CHCl3 samples were removed from 
vials, washed and dried at room temperature, whereas materials 
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obtained by using DMF as a solvent were dried under vacuum at 50 °C 
overnight. 
 
Ni free-GF/CPC preparation. 
About 10 mg of CPC was dissolved in 1 mL of dimethylformamide 
(DMF). GF pieces of 1 cm2 were covered by spin-coating a DMF 
solution 10mg/ml of porph rings. The specimens were dried on a hot 
plate (80°C) for 40 minutes and overnight in a under vacuum oven at 
60 °C. Then, samples were immersed in HCl (1M) for 12 hours. Finally, 
after washing in fresh distilled water the samples were dried in oven for 
two hours at 45°C. 
 
Photocatalytic activity on Ni-foam 2D-G and GF hybrids. 
The variation of the concentration of MB was spectrophotometrically 
evaluated by using a PerkinElmer Lambda 45 UV–Vis 
spectrophotometer. The concentrations of MB solutions were 
optimized in function of their absorbance, avoiding high concentrations 
that induce shielding effect. At the same time, the loss of signals for 
higher exposure times (low absorbance values) was prevented. At this 
purpose, MB was prepared at 0.015 mM at pH 7.5. The water-insoluble 
hybrid device was immersed in the solutions, and the absorbance data 
were recorded in the dark for several hours to allow the absorption–
desorption equilibrium. Subsequently, when the absorption values in 
the dark were constant, the samples were exposed to visible-light 
irradiation with a xenon lamp operating at 1.5 mW/cm2 and equipped 
with a cut-on filter 400 nm. At given time intervals of 1 h for 5 h, the 
concentration of the MB was spectrophotometrically evaluated, 
observing the absorption peaks at 664 nm. 
 
Photocatalytic tests on Ni-free GF/CPC.  
The photocatalytic efficiency of the hybrid materials was evaluated 
versus 2,4-D, PEG having a Mn 1900 Da, as well as MB water solutions 
under visible-light irradiation. All solutions were saturared by bubbling 
air every 10 minutes per hours, and were irradiated by the solar 
simulator VeraSol-2 from Oriel by Newport corresponding to AM1.5 G 
in the visible and near-infrared region (400–1100 nm) with a light 
irradiance of 100 ± 3 mW cm−2. Specifically, MB degradation tests 
were performed by removing the irradiation in the range 600-700 nm 
to suppress MB absorption (see Figure S14). 1 cm2 of sample was 
immersed in 2 ml of the target solution (0,015 Mm) and left overnight 
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in the dark up to the adsorption-desorption equilibrium. The variation 
of MB concentrations was spectrophotometrically evaluated observing 
the absorption at 664 nm. The photodegradation ratio was defined as 
(A0 – A)/A0 where A is the absorption of the dye at a certain time and 
A0 represents the absorption value of the MB initial concentration. 
With regards to 2,4-D photodegradation tests, 1 cm2  of device was 
immersed in 2 mL of herbicide solution (0,005 mM) and irradiated for 6 
hours. Control experiments were carried out in the dark for 30 minutes 
to ensure the adsorption–desorption equilibrium of the herbicide. The 
photodegradation products were determined by the ESI-MS as well as 
UV-Vis measurements, following also the degradation by UV-Vis and 
TOC analyses. Finally, to evaluate the photodegradation ability versus 
polyethylene-oxide (PEG), 1 cm2 of speciment was immersed in 2 ml 
of polymer acqueous solution (0,5 mg/mL). To estimate the 
photodegradation process, MALDI-TOF spectra were acquired  up to 
6 hours of photoexposure, while mineralization of PEG was monitored 
by measuring the TOC. Tests in absence of photocatalysts were also 
performed as black reference. 
 
Radical trapping measurements. 
1 mL of MB aqueous solutions (1x10-5 M) were mixed with 1 mL of 
radical- and hole-trapping agent solutions (1x10-3 M) with absorbance 
adjusted around 1.0. When the adsorption-desorption equilibrium was 
reached, all mixed solutions were saturared by bubbling air for 15 
minutes for each hour. The cuvettes were exposed to the solar 
simulation in the same conditions reported above for the photocatalytic 
test. The MB degradation rate was evaluated by monitoring the 
absorbance values at 664 nm for two hours. Triplicate data was 
collected for each irradiation time. 
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Conclusions 
In this section, hybrid graphene-based composites were proposed as 
new photocatalytic systems for degradation of conventional and 
emerging pollutants in water. In particular, high-quality graphene 
supports coated by porphyrin-based polymers photocatalysts were 
able to protect graphene from the shielding effect, radical scavenger 
activity as well as protection during the Ni etching of 3D structures from 
defects formation and collapse. Furthermore, it was demonstrated how 
π-π interactions at the graphene/polymer interface were crucial to 
promote the electron-transfer process resulting in freestanding 
materials with outstanding photocatalytic performances versus 
selected target pollutants, such as 2,4-D herbicide, MB and PEG 
samples.  By radical trapping measurements the singlet oxygen was 
recognized as the predominant species produced, although the other 
ROS are also produced assisting the contaminants degradation. 
Finally, RAFT polymerization was introduced as a promising tool to 
obtain different polymer porphyrin-based photosensitizers for the 
preparation of novel hybrid graphene-based composites eventually 
studying their photocatalytic efficiency. 
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In chapter one it was highlighted how the current water purification 
methods are unable to meet the present needs from environmental and 
economical point of views; in fact, many of the procedures used today, 
including sedimentation, filtration, chemical methods, and reverse 
osmosis, already established in the beginning of the 20th century, fail 
to satisfy many requirements. Indeed, they involve high operating costs 
and could generate toxic secondary pollutants into the ecosystem.  
In this context, from technology point of view, adsorption methods hold 
many advantages being feasible, efficient, and low-cost.  
Various adsorbents, such as carbon-based materials, [1,2] clay, [3,4] 
natural and synthetic polymers [5-7] as well as organic−inorganic 
composites [8], have been extensively studied and applied in 
wastewater treatment to selectively capture conventional and 
emerging pollutants. Even though adsorption can efficiently remove 
contaminants from water, this process presents a critical issue: 
whatever the adsorbing phase is, it is not able to eliminate the 
adsorbed pollutants in a permanent way. Therefore, further disposal is 
required to avoid the simple transfer of contaminants from one phase 
to another one [9]. In light of this, the development of new generation 
hybrid adsorbents combined with photocatalytic materials seems to be 
a promising solution to obtain systems easily separable after the water 
purification process.  
In this chapter, the design of novel multifunctional nanocomposites will 
be reported, introducing also the cryopolymerization process in water 
as a green method to produce superabsorbent sponges. A key role will 
be also reserved to the use of graphene derivatives as a filler to 
improve the selectivity, surface area and chemistry, mechanical 
strength, regeneration properties or a combination of these features.  
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3.1 Adsorption 

The adsorption process is a method commonly used for several 
purposes in the academy and industry. In particular, it is used to 
remove recalcitrant compounds from effluents, and to purify products 
during the industrial processing [10]. Generally, adsorption is referred 
to a surface process which ions and molecules (adsorbates) are 
transferred from a solution phase to the surface of a solid phase 
(adsorbent), up to the equilibrium is reached. In particular, the 
adsorbates/adsorbent interaction can be classified as chemisorption or 
physical adsorption. The latter is a rapid process driven by non-specific 
binding (non-covalent bonds) that require low energies ranging from 4 
to 40 kJ/mol. As a consequence, physical adsorption being a reversible 
process is the most common used in water treatment. Differently, 
chemisorption involves high-energy (40-800 kJ/mol) and specific 
interactions. In this case, chemical reactions occur, involving the 
transfer of electron pairs between adsorbent and adsorbate to 
establish a chemical bond with the surface. Due to the chemical nature 
of the interactions chemisorption is usually not reversible. When the 
desorption process occurs, it is accompanied by an irreversible 
chemical modification in the adsorbate. On the basis of these 
fundamental concepts, to develop a suitable adsorption system the 
adsorbent choice is the first requirement. Along this, other specific 
features have to be included, such as low cost, availability, efficiency, 
high surface area and pore volume, mechanical, chemical, and thermal 
stability. A fast kinetic and, high adsorption capacity are also required 
[10]. The equilibrium capacity and kinetics are the major affecting 
factors of the adsorption process, influenced by the surface affinity for 
different species, physicochemical and morphological features, 
surface charge and area as well as the porosity. Furthermore, 
operational parameters such as pH, temperature, and co-existing 
species in the solution also influence the adsorptive performance, and 
a deep study and optimization of the influencing factors are necessary 
before applying the system at full scale. 
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3.1.1 Kinetics and isotherms 

The adsorption process is often described at the equilibrium through 
equations called isotherms, that quantify the amount of substance 
adherent to the surface. These equations provide parameters related 
to the adsorption capacity of a particular adsorbent, adsorbent–
adsorbate interactions, as well as thermodynamic parameters. In static 
conditions, the most applied models are the pseudo-first-order, 
pseudo-second-order, and intraparticle diffusion models [11,12].  

The pseudo-first-order model presented by Lagergren is based on the 
solid capacity to adsorb and is given by equation 3.1 [10].  

 

𝑑𝑄𝑡

𝑑𝑡
= 𝑘1(𝑄𝑒 −  𝑄𝑡)  (3.1) 

 

where 𝑄𝑒 and 𝑄𝑡  (mg g −1) are the adsorption capacities at equilibrium 
and at time t (min), respectively, and k1 (min−1) is the pseudo-first-order 
rate constant of the kinetic model. Integration of equation using the 
initial conditions of Qt = 0 at t = 0 leads to equation 3.2: 

 

ln [
𝑄𝑒

𝑄𝑒 − 𝑄𝑡
] = 𝑘1𝑡 (3.2) 

 

which can be rewritten as: 

 

ln( 𝑄𝑒 −  𝑄𝑡) = ln 𝑄𝑒 −  𝑘1𝑡 (3.3) 

 

This model is normally used when the adsorption operation is fast, 

attaining the equilibrium within 20−30 min. In the second-order model, 

the driving force (Qe − Qt) is proportional to the available fraction of 

active sites, and it can be written as  
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𝑑𝑄𝑡

𝑑𝑡
=  𝑘2(𝑄𝑒 −  𝑄𝑡)2 (3.4) 

and integration of equation 4 leads to  

1

(𝑄𝑒 −  𝑄𝑡)
=  

1

𝑄𝑒
+  𝑘2𝑡 (3.5) 

 

This last equation can be rewritten as follows 

𝑡

𝑄𝑡
=  

1

𝑘2𝑄𝑒
2 

+  
𝑡

𝑄𝑒
 (3.6) 

 

The second-order rate equation has been successfully applied to the 
adsorption of metal ions, dyes, and organic substances from aqueous 
solutions. Several studies for adsorption of divalent metals reported 
that the majority of the sorption kinetics follows the pseudo-second-
order mechanism [13,14]. A functional relationship common to most of 
the treatments of intraparticle diffusion is that the uptake varies almost 
proportionately with the half-power of time (t0.5), rather than t. Good 
linearization of the data is observed for the initial phase of the reaction 
in accordance with the expected behavior if intraparticle diffusion is the 
rate-limiting step [15,16]. The intraparticle diffusion model is expressed 
by the following equation: 

𝑄𝑡 =  𝑘𝑖√𝑡 + 𝐶 (3.7) 

 

where ki is the intraparticle diffusion rate constant (mg g−1 h−0.5). The ki 
values are calculated from the slope of the straight line of the 
respective plots. The plot of Qt versus t0.5 may present multilinearity, 
which indicates that two or more rate-controlling steps occur in the 
adsorption process.  
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3.2 Cryosponges 

Freeze-thawed cryogels, or more commonly cryogels are polymeric 
materials formed via the cryogenic treatment of liquids or dispersion of 
appropriate precursors, summarized in Figure 3.1.  Cryogelation is a 
radical polymerization activated at sub-zero temperatures, able to form 
crosslinked and macroporous gel networks characterized by pores with 
dimensions ranging from 5 to 100 mm, depending on the temperature 
of the process. In particular, the frozen solution is an heterophase 
system containing both solids and some unfrozen liquid microphase, 
where the solutes are concentrated. Thus, gelation can only occur 
within the latter unfrozen regions of the system, while the crystals of 
frozen solvents act as porogens. More importantly, as a consequence, 
materials obtained by using this method, possess a high porosity 
(usually in the range of 80-90%) gaining more and more attention by 
scientific community in water purification processes [17-19]. Indeed, 
the peculiarity of interconnected pores provides high absorption 
capability, making them suitable as superabsorbent materials with a 
versatile platform to adsorb both, organic and inorganic contaminants.  

 

 

Figure 3.1. Schematic illustration showing the different steps involved 

during the cryopolymerization process. 
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3.3 ZnO-based cryosponges for dye removal 

As previously discussed, one of the major challenges in the framework 
of adsorption process, is the development of new generation of 
adsorptive materials able to remove contaminants in a permanent way. 
However, an ecofriendly and definitive approach to degrade 
contaminants through their complete mineralization exploits the 
photocatalytic process [20,21]. In this context, the “bait-hook-and-
destroy” concept for the design of high-capacity absorptive materials 
combined with photocatalysts (see Figure 3.2) for more efficient 
degradation is an appealing and promising solution as well [22].  

 

 

Figure 3.2. Bait-hook-destroy concept for selective removal of 
pollutants via adsorption of higher pollutant concentration for faster 
destruction by photocatalysis [Adapted from Ref. [22] with kind 
permission of the Wiley-VCH]. 

 

As reported in literature, photocatalysis by using ZnO semiconductor 
materials has attracted huge attention, stimulating several synthetic 
strategies with the aim to boost photocatalytic and visible-light-active 
performances [23-25]. Compared to the most common used inorganic 

semiconductors, ZnO is a wide band-gap (∼3 eV) material, relatively 

easy and cheap to prepare, with great photocatalytic properties, [26-
30], and thermodynamically stable in its hexagonal wurtzite structure 
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[31-33]. As already mentioned in the previous chapters, the major 
barrier that restrains the commercialization of such kind of 
photocatalyst is its post-recovery after water treatment. If nanoparticles 
are not removed, they can exhibit serious toxicity to aquatic and human 
life [34]. With this in mind, researchers have been drawing the attention 
to a practical and safe application of such kind of nanomaterials by 
using polymers to support them [35-37]. Among the great variety of 
materials used for water purification applications, cryogels have 
attracted interest, due to their peculiar properties. Moreover, 
depending on the precursor monomer, semiconductors can be 
covalently attached to the polymeric structure by chemical 
functionalization via bath deposition or atomic layer deposition as well. 
The use of ZnO through a stable covalent linkage between the 
polymeric support and the photocatalyst can provide a freestanding 
material, easily and safely removable from the polluted site and able to 
degrade pollutants after each adsorption step. Clearly, this represents 
a crucial advantage. Indeed, good adsorbent devices reported in the 
recent literature present excellent performance in terms of dye 
removal, although their regeneration is still arduous [38-39]. 
In the next sections the formulation of a novel multifunctional material 
will be discussed, combining in a single system both, adsorption and 
photodegradation processes. In particular, the cryopolymerization  was 
conducted by using as a starting monomer 2-hydroxyethylmethacrylate 
(HEMA). HEMA was chosen due to the opportunity to produce 
cryopolymers in water as well as for its biocompatibility, high light 
resistance and transparency [40]. Additionally, taking advantage of the 
hydroxyl pendant groups on HEMA moieties (see Figure 3.3), ZnO 
molecules can be covalently linked to pHEMA by using atomic layer 
deposition (ALD) method (see appendix 2). 
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Figure 3.3. Poly-2-hydroxyethylmethacrylate (pHEMA) structure 

 

3.3.1 Graphene oxide as a filler for pHEMA cryogels. 

Among the materials designed for both adsorption and photocatalysis, 
a key role is also reserved for graphene-based polymeric composites. 
In this context, GO was intensively investigated as an effective low-
cost polymeric filler, principally due to its high specific surface area that 
provides huge adsorption ability versus organic and inorganic 
contaminants. Its ability to improve thermal and mechanical stability of 
formulated materials was also considered an interesting feature [41-
50]. However, as already reported in chapter one, although GO is an 
excellent candidate as a constituent of polymeric materials for polymer-
supported photocatalyst, a GO content superior than 5% drastically 
affect the efficiency of the catalytic process. In light of this, having as a 
goal the development of a material with both, adsorption and 
photocatalytic properties, polymer composites have to be designed not 
exceeding this concentration limit. As far as this concept is concerned, 
pHEMA cryogels was formulated by introducing GO during the non-
frozen phase and, subsequently, subjected to ZnO deposition by 
atomic layer deposition (ALD) method. In the next section the as 
prepared cryogels (pHEMA, pHEMA-GO, ZnO/pHEMA, ZnO/pHEMA-
GO) will be described starting from their physico-chemical 
characterization to their applicability in MB degradation.  
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3.3.2 Physico-chemical characterizations.   

pHEMA samples were synthesized by using 10% w/w monomers 
(HEMA and MBAA) solution in water with a molar ratio of 6:1 and 1% 
w/w APS/TEMED (radical initiators) of the total monomers. Each 
cryogel was synthesized in 0.5 mL solution in a glass tube, 6 mm in 
diameter, and frozen overnight at −16 °C. The cryogels were then 
washed with water, ethanol, and diethyl ether and left to dry at room 
temperature under nitrogen flux. At this stage, the unmodified pHEMA 
cryogel represents the plain cryogel used as a reference. To obtain the 
GO cryocomposite (pHEMA-GO), a sonicated 0.2% water solution of 
GO was added prior the frozen stage. The as obtained cryosponges 
(pHEMA and pHEMA-GO) was subjected to the ZnO deposition by 
ALD (for further details see materials and methods section), to produce 
the composites ZnO/pHEMA and ZnO/pHEMA-GO. In Scheme 3.1 is 
reported a summary of the composites formulation. 

 

 

Scheme 3.1. Formulation of ZnO pHEMA-cryogel composites by 
atomic layer deposition (ALD) process. 

The all prepared samples were characterized by thermogravimetric 
analysis (TGA), Fourier transform infrared (FTIR) spectroscopy, 
scanning and transmission electron microscopy (SEM and TEM), and 
X-ray diffraction (XRD), evaluating also their mechanical 
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performances. In particular, TGA using N2 as a carrier gas up to 800 
°C, was conducted on all samples to evaluate their thermal stability as 
well as the inorganic content of the polymer composites (see Table 
3.1). The temperatures at the maximum derivative of weight loss (TMD) 
range from 404 to 426 °C depending on the material formulation. The 
low content of GO in the polymer did not significantly change the 
thermal behavior of the material, whereas the samples enriched with 
ZnO nanostructures produce a sensible decrease of TMD of about 
8−20 °C with a residue ranging from 10 to 15% depending on the ZnO 
samples. Indeed, as reported in the literature for 
poly(methylmethacrylate), the content of ZnO higher than 0.15% 
results in a decrease of the thermal stability due to the contribution of 
the catalytic effect of ZnO in degrading the polymer matrix [51]. The 
TGA results also indicate 4.9% of residue in ZnO/pHEMA-GO, which 
is higher than that in the ZnO/pHEMA sample. This finding is more 

likely attributed to the presence of ≅0.6% of GO in the polymer 

specimen. Commercial GO aqueous solution used during the 
cryopolymerization, is composed of aggregates containing 15−20 
sheets with a 4−10% of edge-oxidized suggesting that ZnO nucleates 
on the defect sites, reacting with the oxidized groups in a covalent 
mode and contributing to its increment into the final material [52]. 

 

SAMPLE TMD
  [°C] Residue at T=800°C 

[wt.%] 

PHEMA 425 2.8 
PHEMA-GO 426 3.4 
ZnO/PHEMA 418 10 

ZnO/PHEMA-GO 404 14.9 

 

Table 3.1. Temperature at the maximum rate of decomposition and 
residual masses of pHEMA samples as estimated through TGA 
analyses  
 

In Figure 3.4, SEM micrographs of all synthesized samples are 
reported. The pHEMA sample images [Figure 3.4 (a−d)] revealed 
typical structures consisting of a microporous jagged surface, with a 
random three-dimensional network. Even though the images collected 
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for samples containing ZnO [Figure 3.4 (c,d)] appeared much more 
resolved, they did not reveal any significant structural modifications 
when compared with the samples without ZnO. This is likely due to the 
great conformability of the ALD process [53]. In the insets of Figure 
3.4, high-magnification images of the surfaces of pHEMA and pHEMA-
GO coated with ZnO were reported. The images displayed the typical 
morphology of ZnO, formed by small grains, uniformly distributed on 
the surface, showing a regular shape and size coating [54]. 

 

Figure 3.4. SEM images of pHEMA (a), pHEMA-GO (b), ZnO/pHEMA 
(c), and ZnO/pHEMA-GO (d), together with high-magnification images 
shown as insets of (c) and (d). 

Figure 3.5 reports the TEM analysis of the ZnO/pHEMA sample. In 
particular, the TEM image in a plan view [Figure 3.5 (a)] confirms the 
morphology of ZnO/pHEMA already showed by the SEM analysis 
reported in Figure 3.4; the ZnO thin film is made of grains with an 

average diameter of ∼10 ± 1 nm (calculated by measuring the diameter 

of several grains, by Digital Micrograph 3.6.1 of Gatan Inc.). The cross-
sectional TEM image reported in Figure 3.5 (b) shows the great 
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conformability of the ZnO film due to the ALD technique and indicates 

a mean film thickness of ∼15 nm.  

 

Figure 3.5. TEM images in plan view (a) and cross section (b). 

 

To further appreciate the presence of photoactive ZnO crystals 
(wurtzite) on the pHEMA materials, XRD analysis was performed 
before and after the ALD procedure (Figure 3.6). The large band 
observed for pHEMA in Figure 3.6 is related to the amorphous 
structure of the polymer. In particular, patterns of both samples showed 
very broad features consistent with the incoherent scattering from an 
amorphous solid. Conversely, after ALD cycles of ZnO, the pattern of 
ZnO/ pHEMA shows well-defined Bragg peaks corresponding to the 
planes (100), (002), (101), and (110), confirming the wurtzite crystal 
structure of the thin deposited films (JCPDS 36-1451).  
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Figure 3.6. XRD patterns of pHEMA, and ZnO/pHEMA (from the 
bottom to the top). 

 

The average crystallite size is assumed to be the size of a coherently 
diffracting domain, and it was calculated from the XRD peak width of 
(101), based on the Debye−Scherrer equation [55] reported below: 

𝐷 =
𝑘𝜆

𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃
 (3.8) 

 

where βhkl is the integral half-width, k is a constant equal to 0.90, λ is 
the wavelength of the incident X-ray (λ = 0.1540 nm), D is the crystallite 
size, and θ is the Bragg angle. The average crystallite size for the ZnO 
thin film was calculated to be 10 ± 1 nm, which is equal to the value 
calculated by TEM analysis. Given that, the high absorption capacity, 
quick absorption equilibrium, and/or swelling−deswelling properties 
have to be considered fundamental parameters to establish the 
capture efficiency of the formulated materials toward organic pollutants 
in water. The dynamic adsorption behavior of the prepared ZnO and 
GO samples was tested and compared to that of the pHEMA reference 
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[18,19,56] The equilibrium swelling degree (ESD) can be calculated 
using the following formula [57]: 

𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑑𝑒𝑔𝑟𝑒𝑒 =
(𝑚𝑤 − 𝑚𝑑)

𝑚𝑑
           (3.9) 

 

where mw is the weight of the wet cryogel and md is the weight of the 
dry cryogel. In Figure 3.7, the ESD for each sample is reported. The 
column graph showed similar ESD values for pHEMA, ZnO/pHEMA, 

and pHEMA-GO, ∼9.5 ± 0.2 g g−1, while a lower value was measured 

for ZnO/pHEMA- GO, ∼6.0 ± 0.2 g g−1. This clearly indicated that the 

ZnO/pHEMA-GO sample is able to adsorb a smaller amount of water. 
This result is supported by TGA analyses that revealed a higher 
content of ZnO in ZnO/pHEMA-GO when compared to that in 
ZnO/pHEMA samples and is consistent with data reported in the 
literature indicating that ZnO films did not show a relevant water 
adsorption [51]. As a consequence, a higher ZnO content would induce 
a lower swelling capacity.  

 

Figure 3.7. Equilibrium swelling degree of pHEMA, ZnO/pHEMA, 
pHEMA-GO, and ZnO/pHEMA-GO. 
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Figure 3.8 reported the normalized swelling degrees in water as a 

function of time. All of the samples took only 2.5 s to reach ∼95% of the 

equilibrium swelling capacity, achieving the equilibrium swollen state in 
less than 10 s. In this case, the presence of ZnO in the material 
formulations did not influence the swelling rate of the composites in a 
relevant manner. 

 

Figure 3.8. Dynamic swelling profiles of pHEMA, ZnO/pHEMA, 
pHEMA-GO, and ZnO/pHEMA-GO. Constant adsorption capacity 
values of about 8.9, 9.1, 9.8, and 6.0 g/g were found for pHEMA, 
ZnO/pHEMA, pHEMA-GO, and ZnO/pHEMA-GO, respectively, after 
each cycle.  

Furthermore, the ZnO nanocomposites exhibited superfast and stable 
oscillatory swelling and deswelling up to five cycles (Figure 3.9) 
without any significant loss in the swelling degree and water recovery, 
similar to the results reported by Wang et al. in the literature [59]. 
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Figure 3.9. Swelling/deswelling degree cycles of all pHEMA samples. 

 

Although the swelling performance of ZnO/pHEMA-GO samples 
shown in Figures 3.7 and 3.9 appeared to be slightly affected by the 
higher amount of ZnO (see Table 3.1), we supposed that its 
contribution certainly could make the difference in terms of pollutant 
removal. The porosity of the dried samples was calculated as 
percentage by measuring the absorbed volume of cyclohexane versus 
the total volume of each sample. The data displayed in Figure 3.10 
evidenced that the porosity of pHEMA was not altered by the addition 
of GO, as well as of ZnO molecules. In particular, ZnO 
nanostructuration by ALD could determine the shrinkage of the pore 
size, affecting the final access to the surrounding medium. The results 
(Figure 3.10) did not show any significant differences in cyclohexane 
uptake for all samples, suggesting the shrinkage of pore size occurs 
only after ZnO deposition. 
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Figure 3.10. Porosity of pHEMA, ZnO/pHEMA, pHEMA-GO, and 
ZnO/pHEMA-GO cryogels. 

 

 

To provide information on the mechanical stability of the samples 
mechanical characterizations were established. Figure 3.11 shown 
The curves displaying the stress−strain behavior of the cryogels 
subjected to compression tests. All of the samples could bear 
compression strain of 50% without permanent deformation or 
mechanical destruction. As expected, all of the curves exhibited an 
elastic deformation region at low strain values followed by a nonlinear 
stage at compression values above 30% [60]. It is noticed that pHEMA-
GO displayed slightly lower values of compressive stress over the 
entire deformation range investigated, likely due to its higher 
equilibrium swelling degree. 
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Figure 3.11. Stress−strain curves of pHEMA, ZnO/pHEMA, pHEMA- 
GO, and ZnO/pHEMA-GO wet cryogels subjected to compression 
tests. 

In addition, this can also arise from a slightly lower cross- linking 
density due to the interference of GO during the polymerization step. 
ZnO deposition on pHEMA-GO resulted in increased compression 
stress, while ZnO/pHEMA did not show significant differences with 
respect to pHEMA. Young’s modulus values calculated from the elastic 
region (<20% strain) were found to be 12.5 ± 1.8 kPa (pHEMA), 10.9 ± 
0.5 kPa (pHEMA-GO), 10.7 ± 2.1 kPa (ZnO/pHEMA), and 11.7 ± 1.0 
kPa (ZnO/pHEMA-GO). These values are comparable to those 
reported for other HEMA-based cryogels and demonstrate the tough 
and elastic nature of the cryogels, which is appropriate for the 
envisaged application [61]. To get insight into the recyclability of the 
cryogels, 10-cycle compression tests were carried out.  
All of the samples showed very good mechanical reversibility upon 
compression cycling, as after 10 cycles at 50% strain, the cryogels 
maintained 97.3% (pHEMA), 87.2% (pHEMA-GO), 92.8% 
(ZnO/pHEMA), and 88.0% (ZnO/pHEMA-GO) of the initial 
compression stress.  
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3.3.3 Adsorption kinetics and photocatalytic studies 

In this section the adsorption capability, contact time, mechanical 
performances, recyclability, and photocatalytic efficiency of all 
synthesized cryogels will be discussed. Kinetic adsorption studies were 
carried out at room temperature to provide information concerning the 
interaction mechanisms that occur between dye and our functionalized 
pHEMA materials. To evaluate the amount of MB adsorbed at 
equilibrium, the cryogels were immersed in a solution of MB overnight, 
until the equilibrium was reached. At time t, the adsorption capacity, Qt 
(mg g −1), was determined by the following equation [62]: 

𝑄𝑡 =  
(𝐶0 − 𝐶𝑡)

𝑊
 (3.10) 

where C0 (mg L−1) is the initial concentration of MB, Ct (mg L−1) is the 
concentration of MB at time t, V (L) is the volume of the solvent, and W 
(g) is the amount of adsorbent used in the adsorption process. The 
results of this experiment are reported in Figure 3.12.  

 

Figure 3.12. MB adsorption capacity versus time for pHEMA, pHEMA- 

GO, ZnO/pHEMA, and ZnO/pHEMA-GO.   

0 60 120 180 240 840 900 960
0.00

0.25

0.50

0.75

1.00

1.25

Time [min]

Q
t [

m
g

/g
]

 

 

 pHEMA

 pHEMA-GO

 ZnO/pHEMA

 ZnO/pHEMA-GO



 

 134 

To further achieve information on the distribution of MB molecules 

between the solid and the liquid phase at the equilibrium, the 

adsorption kinetics and the capacity of the cryogels at the equilibrium 

were monitored using the adsorption isotherms. The adsorption 

capacity at the equilibrium, Qe (mg g-1), was computed by the following 

equation: 

𝑄𝑒 =
( 𝐶0 − 𝐶𝑡) ×  𝑉

𝑊
 (3.11) 

where C0 (mg L−1) is the initial concentration of MB, Ce (mg L−1) is the 
concentration of MB at equilibrium, V (L) is the volume of the solution, 
and W (g) is the amount of adsorbent used in the adsorption process. 
In Table 3.2, the values of Qe for each sample are reported. As 
predictable, the samples containing GO (pHEMA-GO and 
ZnO/pHEMA-GO) exhibited higher adsorption capacities when 
compared to those of the unfilled GO samples [34] 
 

SAMPLE Qe [mg/g] 

pHEMA 0.73 ± 0.01 

pHEMA-GO 0.97± 0.02 

ZnO/pHEMA 0.82±0.02 

ZnO/pHEMA-GO 0.94±0.02 

Table 3.2. Equilibrium adsorption capacity of the tested cryogels at 
room temperature 
 
 
On the basis of the three kinetics models discussed in the previous 
section, several fittings of the experimental data were performed. In 
Table 3.3, the values of R2 for all samples are reported. A comparison 
of R2 for the three different models clearly shows that our experimental 
data fit more closely to the pseudo-second-order law (Figure 3.13).  
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R2 
I  

Order 
II 

order 
Intraparticle 

diffusion 

pHEMA 0.929 0.999 0.923 

pHEMA-GO 0.917 0.998 0.912 

pHEMA/ZnO 0.918 0.998 0.928 

pHEMA-GO/ZnO 0.814 0.997 0.956 

 
Table 3.3. R2 Values for the different kinetic models of MB adsorption 
on the tested Samples 

 
Figure 3.13. Adsorption kinetics of MB for pHEMA (squares), pHEMA-
GO (circles), ZnO/pHEMA (up triangles), and ZnO/ pHEMA-GO (down 
triangles) fitted with the pseudo-second-order model (dashed lines). 
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As reported in the literature, the pseudo-second-order kinetics model 
assumes that a chemisorption process occurred [63]. As desirable, MB 
adsorption performed by our pHEMA cryogels was mainly driven by 
chemical interactions. To verify the efficacy of the regeneration process 
accomplished by the ZnO polymer coating, adsorption followed by a 
photocatalytic process for all of the samples was executed using MB 
solution as the organic pollutant reference material. Three adsorption 
processes were performed; after each adsorption process, all samples 
were irradiated by a UV lamp to regenerate the material via the 
photocatalytic action of ZnO. The adsorption results obtained in each 
cycle (420 min for each cycle) are summarized in Figure 3.14, 
reporting a column graph with the percentage of the adsorbed amount 
of MB for the different samples. 

 
Figure 3.14. Recyclability of pHEMA, pHEMA-GO, ZnO/pHEMA, and 
ZnO/pHEMA-GO after three adsorption cycles of MB. 
 
 
The MB dye adsorption was performed in the absence of adsorbent  
materials and in the presence of pHEMA, pHEMA-GO, ZnO/pHEMA, 
and ZnO/pHEMA-GO. As expected, no variations in adsorbance 
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During the first cycle, pHEMA adsorbs ∼37% of MB, while pHEMA- GO 

was able to adsorb ∼57% of the dye. The higher value obtained from 

the latter sample was due to the excellent capability of GO to capture 
pollutants [36]. ZnO/pHEMA and ZnO/pHEMA-GO samples absorbed 

∼41% of MB (see Figure 3.14). This finding can be reasonable 

ascribed to the ZnO coverage of the GO sheets that decreased the 
peculiar GO sequester performance, by hindering the interactions 
between dye molecules and GO surface. After the second and third 
cycles, pHEMA and pHEMA-GO exhibited a sensible decrease in the 
adsorption capacity, indicating that mere UV exposure was not able to 
photodegrade the adsorbed MB. Consequently, the materials after the 
third adsorption cycle were not regenerated. As evidenced in the figure, 
the values decreased from the first to the third cycle in both pHEMA 

and pHEMA-GO up to ∼22 and ∼35%, respectively. In contrast, the 

corresponding samples coated with ZnO showed a nicely comparable 
adsorption capacity during the three cycles, proving that these devices 
can be efficiently regenerated by UV light irradiation.  
The anchorage of the photocatalyst to the polymeric sponges, which 
was able to produce ROS in water, clearly played a decisive role in this 
experiment. To corroborate the effective photoremoval of MB after UV 
light exposure, FT-IR analyses were performed for the pHEMA and 
ZnO/pHEMA samples. Figure 3.15 showed the spectra of as-prepared 
pHEMA (first from the top), after the first cycle of the adsorption 
process (the second from the top), and after the photocatalytic process 
(the third from the top). The pHEMA diagnostic bands at 3400−3100, 
2895−2854, 1722, 1162, and 1022 cm−1, corresponding to the O−H, 

C−H, C=O, and C− C−O group stretching vibrations and O−H bending, 

respectively, appeared in the IR profile [63]. The FT-IR spectrum of MB 
in Figure 3.15, reported as reference, clearly showed the typical peaks 

of the dye, in particular, the peak at 1600 cm−1 related to the C=C 

stretching of the aromatic ring and the two peaks at 1354 and 1340 
cm−1 associated with two different C−N bonds of MB (see vertical 
dashed lines in Figure 3.15) [64]. As expected, after MB adsorption, 
the IR spectra of both pHEMA and ZnO/pHEMA revealed the 
appearance of aforementioned MB peaks (drawn lines) among the 
signals, while from the inspection of the identical samples subjected to 
UV irradiation up to 5h, their disappearance was evident. Accordingly, 
in the IR spectra of irradiated virgin pHEMA, peaks belonging to MB 
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remained visible. FTIR analysis of the ZnO/pHEMA-GO sample was 
also performed, showing a similar trend. 
 
 

 
Figure 3.15. FTIR spectra measured on pHEMA (a) and on ZnO/ 
pHEMA (b): as prepared (first spectrum from the top), after MB 
adsorption (second spectrum from the top), and after regeneration by 
UV light irradiation (third spectrum from the top). The spectrum of pure 
MB is shown as a reference. Vertical dashed lines indicate the typical 
stretching peaks of MB. 
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To verify the chemical stability of the samples after regeneration by the 
photocatalytic process, SEM and XRD analyses of ZnO/pHEMA have 
been performed and reported in [Figure 3.16 (a,b)]. In particular, SEM 
images [Figure 3.16 (a)] show the same morphology of ZnO/pHEMA 
before the adsorption process. The diffractogram of ZnO/pHEMA after 
photo- regeneration [Figure 3.16 (b)] shows the peaks related to the 
wurtzite structure at 31.8, 34.5, and 36.5°. The grain size, calculated 
by Scherrer’s law, is 10 ± 1 nm, not showing any variation compared 
to the size calculated before the photocatalytic regeneration.  

 
 
Figure 3.16 (a) SEM analysis of ZnO/pHEMA after regeneration with 
high-magnification images (inset); (b) XRD diffractogram of 
regenerated ZnO/pHEMA. 
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3.3.4 Materials and methods 

Materials. 2-hydroxyethylmethacrylate (HEMA), N,N-methylene- 

bisacrylamide (MBAA), ammonium persulfate (APS), N,N,N′,N′- 

tetramethylethylenediamine (TEMED), and graphene oxide (GO) in 

water solution (1 mg mL−1) containing aggregates of 15−20 sheets 

with a 4−10% of edge-oxidized were purchased from Sigma-Aldrich. 

Preparation of pHEMA and pHEMA-GO. The pHEMA cryogel was 

obtained following the procedure described previously using 10% w/w 

monomer (HEMA and MBAA) solution in water with a molar ratio of 6:1, 

HEMA/MBAA, and 1% w/w APS/TEMED of the total monomers [40]. 

Each cryogel was synthesized in 0.5 mL solution in a glass tube, 6 mm 

in diameter, and frozen overnight at −16 °C. The cryogels were then 

washed with water, ethanol, and diethyl ether and left to dry at room 

temperature under nitrogen flux. At this stage, the unmodified pHEMA 

cryogel represents the plain cryogel used as a reference. To obtain the 

GO cryocomposite, a sonicated 0.2% water solution of GO was used 

as medium to synthetize HEMA and then treated as reported above. 

The samples used for ALD, TGA, and photocatalytic experiments were 

cut in pieces of 0.4 cm using the same section eliminating the top and 

the bottom part of the specimens. 

Atomic Layer Deposition of ZnO on pHEMA and pHEMA-GO. ZnO 

films were deposited by ALD using the Picosun R-200 advanced 

reactor. During the deposition, the temperature was fixed at 80 °C. ZnO 

was deposited on cylinders of pHEMA and pHEMA-GO and on pieces 

of silicon as reference. Diethyl zinc (DEZ, purity 99.9999%) and de-

ionized water were used as precursors, while N2 was used as a carrier 

and purge gas (purity ≥ 99.999%). The pulse and purge times were 

kept constant at 0.1:3:0.1:5 s for DEZ/N2/H2O/N2, using three-times 

pulses for both DEZ and H2O precursors, for a total of 110 cycles. The 

flow rates for DEZ and H2O were 150 and 200 sccm, respectively, while 

the flow in the other lines was 40 sccm. The pressure of the reactor 

was ∼10 hPa. The precursor’s temperatures were fixed at 22 °C. The 

film thickness was evaluated by the Woollam M-2000 spectroscopic  
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ellipsometer by applying a Cauchy model in the 400−1700 nm range 

thanks to ZnO deposited on silicon. The film thickness was calculated 

to be ∼15 nm. The pHEMA and pHEMA-GO samples used for this study 

had a weight of ∼5 mg. The synthesized materials after ZnO deposition 

will be hereafter called “ZnO/pHEMA” and “ZnO/pHEMA-GO”. 

Characterization. All of the synthesized materials were deeply 

characterized. The morphology of the sponges was investigated by 

SEM, with a field emission Zeiss Supra 25 microscope. The pHEMA 

and ZnO/pHEMA samples were previously coated, by sputtering, with 

a 10 nm thick gold film to prevent electron beam charging of the 

insulating polymer. TEM analyses were performed with JEOL 

ARM200F Cs-corrected operated at low current and low voltage, 60 

keV, to avoid specimen damaging and charging. All of the images have 

been acquired in conventional TEM (C/TEM) mode and bright-field 

mode. Inelastic scattering contribution of the electrons has been 

removed by inserting the energy filter, a GATAN Quantum ER, with a 

10 eV energy slit tuned on zero loss to improve the contrast and better 

localize the nanoparticles. 

As for the specimen preparation, the processed specimen has been 

gently scratched on an ultrathin carbon TEM grid and transferred to the 

microscope. 

The structure of the samples was evaluated by XRD analyses, with a 

Bruker D-500 diffractometer, operating with a parallel Cu Kα radiation 

at 40 kV and 40 mA, with 2θ from 20 to 60°, in the θ/2θ mode. The XRD 

spectra were analyzed by the Bruker software suite, including ICSD 

structure database. 

Thermogravimetric analyses of the samples were performed using a 

thermogravimetric apparatus (TGA, TA Instruments Q500) under a 

nitrogen atmosphere (flow rate, 60 mL min−1) at 10 °C min−1 heating 

rate, from 40 to 800 °C. Sample weights were approximately 6 mg. 

TGA sensitivity is 0.1 μg with a weighting precision of ± 0.01%. The 

isothermal temperature accuracy is ±1 °C. 
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The swelling properties were determined by gravimetric analyses. For 

the determination of the swelling profile, dried samples in the form of 

cylinders, ∼5 mm in diameter and 4 mm in height, were swollen in de-

ionized water. Excess of surface water was gently wiped off using filter 

papers before any measurements of the mass of the swollen sample. 

To calculate the equilibrium swelling degree, each sample was soaked 

in water for 30 min and then it was carefully placed on the weight scale. 

A small amount of water was added to rectify any loss during sample 

collection and transport, and any excess of water was removed by an 

absorbent paper. The calculation of water adsorption kinetics was 

performed by placing each sample in contact with a slight excess of 

water for the selected time; therefore, the excess of water that was not 

absorbed was quickly removed by the absorbent paper. The wet 

sample was weighted, and the value of water absorbed at time t was 

normalized with respect to the value of the water absorbed after 30 

min. For the determination of swelling−deswelling cycle performances, 

after the first determination of equilibrium swelling, all of the wet 

samples were placed between two sheets of absorbent paper and 

squeezed with a 50 g weight for about 5 min. The squeezed samples 

were weighed, immersed again in water, and then prepared for a new 

operation of swelling degree determination. This operation sequence 

was repeated five times. 

The porosity of the dried samples was calculated as percentage by 

measuring the adsorbed volume of cyclohexane versus the total 

volume of each sample. The porosity of the cryogel samples was 

measured according to Archimedes’ principle using an adapted gravity 

bottle and determined by the following equation: 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 % =
𝑉𝑝𝑜𝑟𝑒𝑠

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
100 =

𝑚𝑤 − 𝑚𝑑

𝑚1 − 𝑚2 + 𝑚𝑤
100                  (3.12) 
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where md is the mass of the dried cryogel, mw is the mass of the 

cyclohexane-saturated cryogel, m1 is the mass of the gravity bottle 

filled with cyclohexane, and m2 is the mass of the gravity bottle 

containing cyclohexane and cryogel. To remove the residual gas in the 

cryogels, the samples were immersed in cyclohexane under reduced 

pressure before their transfer inside the gravity bottle. 

Compression tests of wet pHEMA-based cryogels were performed 

using a Thermo Scientific RS6000 rotational rheometer in a uniaxial 

compression mode. Equilibrium swollen cryogel samples were cut in 

pieces of 6 mm height and placed in between the rheometer plates (20 

mm diameter) at 25 °C. The rheometer gap was reduced until the 

sample was firmly kept between the plates, and then a pre-strain of 0.4 

mm was imposed. The samples were then compressed up to 50% of 

the initial height with a speed of 15 mm min−1. 

The adsorption properties of all of the samples were examined through 

the adsorption of MB dye in aqueous solution. In a typical experiment, 

∼5 mg of sponges was added in 2 mL of MB solution with a starting 

concentration of 1.5 × 10−5 M (4.8 mg L−1), at room temperature and 

with a neutral pH. The adsorption tests were run in parallel for each 

sample. Every 30 min, the solutions were collected, and the adsorption 

of MB onto materials was evaluated measuring the variation of the dye 

absorbance at 664 nm. The dye adsorption on the vial walls was also 

checked, as a reference, in the absence of the adsorbent materials. 

With the aim to regenerate the sponges, they were immersed in de-

ionized water and irradiated by a UV lamp, centered at 368 nm, with 

an irradiance of 4 mW cm−2, for a total time of 5 h. 

FTIR characterization was performed by a PerkinElmer Spectrum 1000 

spectrometer. The analyzed samples, in the form of tablet, were 

obtained by mixing ∼1 mg of milled sponge with 300 mg of KBr powders 

in an agate mortar and pressing with a press. To evaluate the 

adsorption and the eventual photodegradation of the adsorbed dye 

under UV light irradiation, after the absorption process and after the 
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UV light irradiation, a portion of each sample was dried, at 100 °C 

overnight, and analyzed by FTIR spectroscopy, as reported before. 

 

3.4 Work in progress 

The use of cryopolymerization represents a promising and versatile 

tool in the preparation of selective composites for the water purification, 

principally due to the opportunity to operate with a wide range of 

monomers and co-monomers. By opportunely modifying the monomer 

to make it soluble in green solvents, the final device could be 

addressed versus selective contaminants capture. For instance, 

cryosponges able to remove arsenic in water with outstanding 

performances were formulated. As well known, Arsenic (As) is a highly 

toxic and harmful element for the human health, and in agreement with 

the World Health Organization, the maximum recommended limit in 

drinking water is 0.01 ppm. This limit, especially in developing nations, 

is largely exceeded. Thus, synthesis of 4-vinyl-benzyl-N-methyl-D-

glucamine by functionalization of not-soluble 4-vinyl-benzylchloride   

with water-soluble N-methyl-D-glucamine, provides the formulation of 

sponges by cryopolymerization in presence of N,N'-

methylenebisacrylamide (MBAA, molar ratio 1/6 comparing to the 

moles of monomer). Additionally, co-polymerization with HEMA were 

also performed obtaining different rates of arsenic adsorption. The 

efficacy of the as prepared cryogels for the sequestration of arsenic 

from water was evaluated using two different concentrations of 

Na2HAsO4•7H2O. In particular, high concentrated solutions of arsenate 

ions equal to 1400 ppm and 140 ppm were used to establish the 

maximum adsorption ability of the samples. Based on the outstanding 

results a patent was already applied with number 102019000012339 

[65], opened also new perspectives in the formulation of materials for 

wastewater treatment. Indeed, along with the preparation of materials 

able to efficacy remove Arsenic, metacrylic acid-based cryogels 

impregnated by GO solution in a post-polymerization phase, followed 

by freeze-drying process, could be used to introduce higher amounts 
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of inorganic filler (not exceeding the 5% limit) obtaining materials able 

to remove both, organic and inorganic species. Alternatively, the 

porphyrin monomer well described in the previous chapter and used 

for RAFT polymerization synthesis, was also applied to the 

cryopolymerization process, obtaining sponges able to tune the light 

absorption versus the visible-light range as well as to address 

improved capture ability versus organic and inorganic contaminants, 

explicating also a disinfection process.  

Conclusions  

In this section the preparation of innovative nanocomposites based on 

a pHEMA polymeric cryogels containing GO and ZnO nanostructures 

was presented. The formulated materials displayed a noteworthy 

adsorption aptitude against MB dye. Particularly, sponges enriched 

with ZnO by ALD have acquired photocatalytic properties, allowing 

recyclability after their irradiation by UV light. Furthermore, the 

amounts of adsorbed MB achieved by the different samples, clearly 

indicates that GO played an important role during the adsorption 

process. The recyclability and mechanical tests revealed also that 

ZnO/pHEMA materials can be easily reused, explicating an effective 

remediation action against organic pollutants. In particular, it was 

demonstrated how the cryopolymerization technique allows the 

combination of tailored individual components conferring special 

features to the final sponges, and resulting an effective strategy for 

improving the removal and the degradation of contaminants in water. 
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Appendix 1:  
 

Chemical Vapor Deposition (CVD) of graphene  
 
The discovery of graphene led to the development of more and more 
innovative approaches in its preparation, spanning from simple 
mechanical cleavage, to epitaxial growth on SiC or metals, to chemical 
vapor deposition (CVD) on metal substrates. 
CVD of graphene is a process in which a gas precursor (low molecular 
weight idrocarbon) is injected to a reduced pressure chamber, reacting 
with a metal catalyst at high temperature (~ 1000°C) and forms a 

graphene film onto the catalyst surface. Compared to other graphene 
synthetic methods, CVD is considered a more versatile process, 
allowing a fine-tuning of the deposited graphene and its morphology, 
with the possibility of large-scale production with very high levels of 
reproducibility and purity of the grown graphene. However, the quality 
of the deposited graphene also depends on the specific metal 
substrate used for the graphene synthesis, involving different 
deposition mechanisms.  
In this thesis, polycrystalline Ni foam was selected as catalytic 
substrate and methane was used as gas precursor. In this case, 
methane is decomposed at 1000°C at the Ni surface and carbon is 
dissolved in the substrate. After cooling, a segregation process of 
carbon atoms, followed by the graphene growth on Ni surface was 
achieved. A schematic diagram of the graphene growth mechanism on 
Ni substrate is reported in Figure A1. 
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Figure A1. Diagram of the growth mechanism on polycrystalline 
Nickel. Reproduced from Ref. [1] with kind permission of ACS 

 
 
Even though, differently from Ni (111) or other metals such as copper, 
the use of polycrystalline Nickel produces monolayer and multilayer 
regions, the unique interconnected structure of 3D graphene, its 
tunable porosity, ease of surface functionalization, outstanding 
electron-transfer efficiency as well as improved electrical and optical 
properties, opened new exciting perspectives in a wide range of 
applications for graphene macrostructures.  
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Appendix 2 

 

Atomic Layer Deposition (ALD) on polymer 
 
The research field on polymers is constantly expanding, especially with 
the aim to produce innovative environmental-friendly advanced 
materials. For example, polymer surface modification with 
nanomaterials confers it new exciting properties such as bio-
functionalities, barrier properties, photocatalytic or biodegradable 
activity and hydrophobic to hydrophilic conversion, and so on. To this 
purpose, among several chemical and physical methods commonly 
used, atomic layer deposition (ALD) can offer many advantages 
compared to other techniques, such as the opportunity to work at very 
low temperature, even room temperature, promoting also covalent 
bonding between nanostructured metal oxides and the polymer 
substrates.  Furthermore, ALD allows conformal and homogeneous 
coating on a large polymer surface area, thanks to a fine control of the 
thickness of thin films at the angstrom level based on sequential and 
self-saturating surface reactions [1-3].  
On the other hand, from the technical point of view, the ALD uses two 
or more chemicals, typically low-cost gas precursors, that are feed in a 
reaction chamber at low pressure, separately. Each precursor 
saturates the surface forming a monolayer of material. However, to 
achieve a stable adhesion at the polymer/inorganic interface, and thus 
a controlled self-limiting reaction, both polymers and metal precursors 
have to be properly selected. Indeed, polymers possessing different 
functional groups involve specific deposition reaction mechanisms that 
can drastically influence their chemical, physical and mechanical 
properties. 
In this thesis poly-hydroxyethylmethacrylate (pHEMA) and pHEMA-
graphene oxide cryogels were functionalized with ZnO nanostructures 
by ALD. The procedures to formulate the nanocomposites are 
summarized in Figure A2. ZnO layers were linked to the OH pendant 
groups of pHEMA and GO by using Zn(C2H5)2 and H2O as precursors. 
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Figure A2. Schematic diagram of the ZnO deposition on polymeric 
cryogels by ALD. 
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