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Streszczenie w jezyku polskim

Nanotechnologia jest uwazana za jedng z najbardziej przysztosciowych dziedzin
nauki, ktéra otwiera nowe mozliwosci wsrod naukowcdéw na calym $wiecie oraz
bezposrednio wpltywa na poprawe jakosci ludzkiego zycia. Ten btyskawicznie
rozwijajacy si¢ obszar nauki polega na wytwarzaniu funkcjonalnych uktadow w skali
nanometrycznej na poziomie molekularnym o specyficznych wlasciwosciach
1 zastosowaniach. Ciagly rozwo0j sektorow technologicznych i przemystowych przynosi
oprocz wielu korzys$ci pewne powazne konsekwencje. Jedng z nich jest zanieczyszczanie
srodowiska. Uwolnienie ogromnej ilosci zanieczyszczen do wod, gleb oraz powietrza
spowodowato potrzebg opracowania nowoczesnych technologii do usuwania tych
niepozadanych i szkodliwych substancji. Wsréd wielu dotychczas stosowanych metod
poprawy jakosci oraz czystosci wody procesy adsorpcyjne oparte na wychwytywaniu
zanieczyszczen przez adsorbent cieszg si¢ duzym powodzeniem.

Pomyslne wyizolowanie grafenu w 2004 przez A. Geima i K. Novoselova miato
ogromny wpltyw na rozwoj wielu dziedzin nauki, zwlaszcza nanotechnologii, a w 2010
zostali oni uhonorowani nagroda Nobla z fizyki za przelomowe badania naukowe
dotyczace materialu dwuwymiarowego. Grafen definiowany jest jako pojedyncza
warstwa atomow wegla o hybrydyzacji sp? i strukturze sze$cioczionowych pierscieni
wygladem przypominajacej plaster miodu (Rysunek 1). Grafen dzigki swoim
specyficznym wlasciwo$ciom tj. ogromna powierzchnia wlasciwa, doskonata
wytrzymato§¢ mechaniczna oraz bardzo wysoka przewodno$¢ elektryczna znajduje
praktyczne zastosowanie w wielu galeziach przemyshu
m.in. w energetyce (elastyczne uktady elektroniczne, baterie

stoneczne, ekrany dotykowe, fotodetektory),

optoelektronice, magazynowaniu gazow i energii, a takze
w procesach oczyszczania wody metodami membranowymi. Rysunek 1. Struktura grafenu.

Zarowno struktura jak i wlasciwosci grafenu zalezg w glowniej mierze od metody
ich otrzymywania. Istnieje wiele technologii stosowanych do produkcji grafenu, ktore
mozna podzieli¢ na dwie gléwne grupy: "top-down" oraz "bottom-up". Metoda "top-

down" (odgorna) opiera si¢ na miniaturyzacji istniejagcych uktadéw w procesach
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rozwarstwiania materialu bazowego przy udziale m.in. ultradZwigkéw, rozdrabniania
mechanicznego czy tez elektrochemii. Z kolei metoda "bottom-up" (oddolna) polega
na otrzymywaniu nanostruktur w wyniku samoorganizacji pojedynczych czasteczek
lub atoméw w procesiec m.in chemicznego osadzania z fazy gazowej (CVD)
na metalicznym substracie lub epitaksjalny wzrost na powierzchni wegliku krzemu (SiC),
pozwala ona na lepszg kontrole procesu oraz uzyskanie materialu dwuwymiarowego
o bardziej jednolitej morfologii i stosunkowo niewielkiej ilosci defektow, dlatego tez jest
czgsciej stosowana.

Grafen mozna poddawa¢ rozmaitym modyfikacjom bazujacych zardéwno
na wigzaniach kowalencyjnych jak i1 oddzialywaniach niekowalencyjnych. Jednym
z najpopularniejszych materialow otrzymywanych w wyniku modyfikacji kowalencyjne;j
jest tlenek grafenu, ktory posiada w swojej budowie liczne grupy funkcyjne zawierajace
tlen, takie jak grupy karbonylowe na krawedziach arkuszy oraz grupy epoksydowe
1 hydroksylowe umiejscowione na jego powierzchni COOH

(Rysunek 2). Obecnosé grup funkcyjnych bogatych L:’\”IG\ 'N oV

K 2

T o | OH

w elektrony znaczaco wpltywa na hydrofilowos¢ uooc._v__,i____,u: 5 N W .

oraz wysoka gestos¢ tadunku ujemnego tlenku Y

HOOC” S

grafenu. Dzigki tym cechom tlenek grafenu

COOH

z tatwoscia moze oddzialywaé¢ ze zwigzkami Rysunek 2. Struktura tlenku grafenu,
organicznymi oraz jonami metali m.in. poprzez

oddziatywania elektrostatyczne, co przeklada si¢ na jego szerokie zastosowanie
w procesach adsorpcyjnych. Oprocz tego, duza rdéznorodnos¢ grup tlenowych
znajdujacych si¢ na jego powierzchni powoduje, ze material ten jest idealnym
kandydatem do dalszych funkcjonalizacji kowalencyjnych wykorzystujac proste reakcje
organiczne.

Celem przedstawionej pracy naukowej jest synteza sfunkcjonalizowanych
materialow dwuwymiarowych (grafen i tlenek grafenu) i ich wieloaspektowa
charakterystyka struktury i wlasciwosci ze szczegélnym uwzglednieniem proceséow
adsorpcyjnych oraz magazynowania energii elektrycznej. Badania naukowe
przeprowadzone w ramach prezentowanej rozprawy doktorskiej mozna podzieli¢ na trzy
gtowne czesci eksperymentalne. Dwie z nich dotycza produkcji nowoczesnych

adsorbentoéw bazujacych na tlenku grafenu stosujac prosta i zarazem bardzo wydajng
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reakcje kondensacji zachodzaca na powierzchni tlenku grafenu. Ostatnia z czesci
eksperymentalnych prezentowanych w tej rozprawie doktorskiej obejmuje synteze
hybrydy organiczno-nieorganicznej wykorzystujac grafen uzyskany metoda
elektrochemicznego rozwarstwienia (EEG) oraz jej potencjalne zastosowanie w
elektronice.

Glowne czesci eksperymentalne zostaty schematycznie przedstawione ponizej na
Rysunku 3 i obejmuja:

1. Opracowanie nowych wysokowydajnych adsorbentow jonow metali
ciezkich (Pb?", Cd**, Cu?") w procesie kowalencyjnej modyfikacji tlenku grafenu
sfunkcjonalizowanym polimerem zawierajacym ugrupowania aminowe (BPEI-
polietylenoimina).

2. Synteze efektywnego adsorbenta kationowych barwnikow organicznych
(MB - blekit metylenowy, MV- fiolet metylenowa, RHB - rodamina B) wykorzystujac
tlenek grafenu zmodyfikowany mezoporowata aminokrzemionkg (SiO2NH2-GO).

3. Badania strukturalne i elektryczne hybrydy organiczno-nieorganicznej
(Mo13:-DTAB-EEG) opartej na grafenie otrzymanym metoda elektrochemicznego

rozwarstwienia oraz jej potencjalne wykorzystanie przy produkcji superkondensatorow.

/ Funkcjonalizacja grafenu i tlenku grafenu \ / Zastosowanie
/ o Adsorpcja

Zanieczyszczona

woda

':&‘b £

U«@m Adsorbent

Czysta woda

/

Magazynowanie energii \

Superkondensator
\ Mom-DTAB-EE(y

Rysunek 3. Schematyczne przedstawienie gtownych zatozen syntetycznych rozprawy

doktorskiej.

III
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Pierwsza czg$¢ eksperymentalna, dotyczy procesu adsorpcji zanieczyszczeh
nieorganicznych (jonow metali cigzkich) z roztworéw wodnych wykorzystujac nowe
wysokowydajne adsorbenty oparte na sfunkcjonalizowanym tlenku grafenu organicznym
polimerem - polietylenoiming (BPEI). Uktad ten charakteryzuje si¢ wysoka stabilnosciag,
bardzo duza powierzchnig wtasciwg oraz wysokim powinowactwem do jonéw metali
cigzkich. Funkcjonalizacja kowalencyjna tlenku grafenu poprzez wprowadzenie
podstawionych grup aminowych jest jedng z najczesciej stosowanych metod, ktora
zostala zaimplementowana w powyzszej pracy. W wyniku prostej reakcji nukleofilowego
otwarcia pierscieni epoksydowych otrzymano material o wysokim stopniu
funkcjonalizacji. Metodyka syntetyczna zostala sprzezona wraz z wieloaspektowa
charakterystyka  fizyko-chemiczng  otrzymanych  adsorbentéw  wykorzystujac
m.in. spektroskopi¢ Ramana, skaningowa mikroskopi¢ elektronowa (SEM),
spektroskopi¢ fotoelektronow w zakresie promieniowania rentgenowskiego (XPS) oraz
ptomieniowa absorpcyjng spektrometri¢ atomowa (FAAS). Po przeprowadzeniu
szczegotowej analizy spektralno-strukturalnej aminowe pochodne tlenku grafenu zostaty
bezposrednio zastosowane w procesie adsorpcji jonow metali ciezkich (Pb**, Cd**, Cu?")
z roztworow wodnych. Maksymalna pojemno$¢ adsorpcyjna (gmax) definiowana jako
ilo§¢ zanieczyszczen (w tym przypadku jonéw metali cigzkich) wychwycona przez 1g
adsorbenta zostata okre§lona przy pomocy dwoéch powszechnie uzywanych modeli
izoterm: Langmuira i Freundlicha. Doktadne analizy wlasciwosci adsorpcyjnych
potwierdzily, iz wzbogacenie tlenku grafenu o dodatkowe kieszenie koordynacyjne
poskutkowato otrzymaniem adsorbentu o niespotykanych do tej pory (w odniesieniu
do materiatow weglowych) warto$ciach gmax dla jonow miedzi (Cu?* - 1096 mg g™),
kadmu (Cd?** - 2051 mg g'!) oraz otowiu (Pb*" - 3390 mg g!). W prezentowanej pracy
wyznaczono réwniez parametry kinetyczne oraz termodynamiczne potwierdzajace
spontaniczng oraz egzotermiczng natur¢ procesu adsorpcji. Wykazano rowniez,
ze istnieje mozliwos¢ skutecznej regeneracji adsorbentu BPEI-GO uzywajac
odpowiednich roztworéw kwasoéw (0.1M EDTA oraz 0.1M HNOs3), co jest niezbedne
w praktycznym zastosowaniu materiatu sorpcyjnego na skale przemystowa.

Ostatnie badania wykazaty, ze zaréwno tlenek grafenu jak i sfunkcjonalizowany
tlenek grafenu posiadajg ogromny potencjatl jako aktywny materiat w procesie usuwania

barwnikow kationowych z roztworow wody. W nastepstwie tego, druga czgsé

vV
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eksperymentalna po§wigcona jest syntezie adsorbentow opartych na zmodyfikowanym
tlenku grafenu przez mezoporowata aminokrzemionke (SiO.NH») oraz zbadanie ich
wlasciwosci adsorpcyjnych w odniesieniu do wybranych barwnikéw kationowych (MB -
btekit metylenowy, MV - fiolet metylenowa, RhB - rodamina B). Metodologia
otrzymania adsorbenta jest analogiczna do materiatu otrzymanego w pierwszej czesci
eksperymentalnej 1 dotyczy reakcji kondensacji grup epoksydowych znajdujacych
si¢ na tlenku grafenu z podjednostkami aminokrzemionki. Otrzymany kompozyt
(Si0:NH>-GO) charakteryzuje si¢ wysokimi wartoSciami gmax dla kationowych
barwnikow organicznych (MB - 300 mg g!', MV - 178 mg g, RhB - 358 mg g)
oraz wysoka warto$cig szybkosci reakcji procesu adsorpcji, dzieki czemu materiat
zastosowano w procesie kolumnowej ekstrakcji w fazie statej. Wykazano réwniez,
ze istnieje mozliwos$¢ skutecznej regeneracji adsorbentu w obecnosci 0,1 M HCL.

W ostatniej czesci eksperymentalnej przedstawiono synteze hybrydy organiczno-
nieorganicznej bazujacej na sfunkcjonalizowanym heteropolianionie skondensowanym
typu Keplera (Moi32) surfaktantem (DTAB — bromek dodecylotrimetyloamoniowy)
oraz grafenie otrzymanym metoda elektrochemicznego rozwarstwiania (EEQG).
W ostatnim czasie, elektrochemiczne ztuszczanie grafitu w fazie ciektej stato si¢ bardzo
popularng metodg otrzymywania grafenu na duza skal¢ ze wzgledu na szybko$¢
1 wydajno$¢ tego procesu. Z kolei, heteropolianiony skondensowane naleza
do interesujacych grupy zwigzkéw nieorganicznych o rozmiarach nanometrycznych
sktadajacych sie z dwoch glownych podjednostek: jondow metali przejsciowych
na najwyzszym mozliwym stopniu utlenienia (Mo*®, V3, W*6, Nb*®) oraz terminalnych
atomow tlenu, ktore pelniag funkcje mostka dla innych jonow oraz ligandow. Ze wzgledu
na duza mase czasteczkowa, wysoki fadunek ujemny oraz bardzo dobra rozpuszczalnosé
w roztworach polarnych POM-y wykazuja interesujace witasciwosci katalityczne,
fotochemiczne i elektryczne. Oprocz tego, heteropolianiony skondensowane posiadajg
zdolnoséci adsorpcyjne jondéw metali alkalicznych (m.in. Na®, Li*), co czyni
je obiecujacymi platformami do budowy zaawansowanych materialow elektrycznych.
Zatem, gléwnym zatozeniem tej sekcji bylo wykorzystanie wiasciwosci elektrycznych
nowo otrzymanego materialu hybrydowego (Mo13:-DTAB-EEG) w odniesieniu do ich
potencjalnego wykorzystania jako elektrody przy produkeji superkondensatoréw.

Doktadna charakterystyka przy uzyciu m.in. mikroskopii elektronowej o wysokiej
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rozdzielczosci HR-TEM, dyfrakcji promieniowania rentgenowskiego XRD oraz
spektroskopii XPS potwierdzila, ze otrzymano stabilny materiat hybrydowy Moisz-
DTAB-EEG. Ponadto, porowate, trojwymiarowe uktady Moi32-DTAB-EEG
synergicznie laczg ze sobg wilasciwosci redoks POM-6w oraz wysoka przewodnosc
elektryczng grafenu. Otrzymane wyniki pokazuja, ze tego typu uklady posiadajg
interesujgce wiasciwosci elektryczne oraz mogg znalez¢ potencjalne zastosowanie
w produkcji superkondensatorow.

Pomijajac aspekt nowosci wygenerowanych zmodyfikowanych materiatow
dwuwymiarowych, wykonane w ramach pracy doktorskiej badania dowiodty, ze:

- Modyfikacja kowalencyjna tlenku grafenu polimerem organicznym (BPEI) bardzo
korzystnie wptywa na wydajnos¢ procesu adsorpcji. Wartosci maksymalnej pojemnosci
adsorpcyjnej (gmax) dla jondw metali cigzkich znacznie wyr6zniaja ten materiat
w odniesieniu do wigkszo$ci znanych adsorbentow weglowych.

- Modyfikacja tlenku grafenu mezoporowata aminokrzemionka (SiO2NH>-GO)
prowadzi do uzyskania efektywnego adsorbenta barwnikéw kationowych (MB, RHB,
MYV). Materiat ten zostal z powodzeniem zastosowany jako wypetnienie kolumny
w procesie ekstrakcji w fazie stalej, umozliwiajac tym samym bardzo wydajne
oczyszczanie wody z barwnikow w przepltywie ciaglym.

- Heteropolianiony skondensowane typu Keplera z powodzeniem zaaplikowano
w tworzeniu hybryd molekularnych z kationowymi surfaktantami wykorzystujac stabe
oddziatywania elektrostatyczne. Funkcjonalizacja elektrochemicznie rozwarstwionego
grafenu podjednostkami POM-surfaktant dowiodta, ze tego typu hybrydy organiczno-
nieorganiczne oprocz wysokiej stabilnosci posiadaja interesujace wiasciwosci
elektryczne o potencjalnym zastosowaniu przy produkcji superkondensatorow.

Podsumowujac, prezentowana rozprawa doktorska w gtéwnej mierze eksploruje
tematyke zwigzang z adsorpcja zanieczyszczen wykorzystujac sfunkcjonalizowany
tlenek grafenu oraz zglebia wiedze na temat hybryd molekularnych opartych na grafenie
otrzymanym metoda elektrochemicznego rozwarstwienia. Aby w petni odkry¢ potencjat
nowych sfunkcjonalizowanych materiatow dwuwymiarowych otrzymywanych metoda
,wbottom-up” 1 umozliwi¢ ich przyszie wykorzystanie kluczowe jest zrozumienie

zaleznoS$ci pomigdzy strukturg 1 wlasciwos$ciami.

VI
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Summary in English

The nanotechnology is considered to be one of the most prospective fields of
science and technology; its continuous development is expected to open up new
opportunities to worldwide researchers and improve the quality of people’s lives.
Nanotechnology creates functional systems on a nanometric scale at the molecular level.
Advancements in technological and industrial sectors bring in addition to many benefits
some serious problems. One of them is environmental pollution. The wide spectrum of
contaminants released into water, soil and air necessitated the development of techniques
for the removal of these undesirable and harmful factors. Adsorption is one of the most
important process to improve the quality and in particular the cleanliness of the
groundwater and wastewater, which has a tremendous impact on environmental
protection. Nowadays, various nanomaterials are continuously produced and then tested
for their properties and industrial suitability in regarding to the high effectiveness of the
removal of pollutants, at a low cost of obtaining and the possibility of regeneration.
However, their impact on the environment and all living organisms including humans’
health are still poorly understood. The complete understanding of the nature of
nanomaterials requires an interdisciplinary approach and knowledge not only in the field
of material engineering, but also in physics, chemistry, biology and medicine.

Recently, graphene and its derivative graphene oxide (GO) are becoming one
of the most developed low-dimensional materials and are receiving widespread attention
in academic and industrial research labs. This two-dimensional materials (2DMs) with
unique physicochemical properties (e.g. exceptional electrical and thermal conductivity)
have shown great potential as components in sensors, supercapacitors and platforms for
adsorption of various pollutants in aqueous environment.

The successful isolation of single-layer graphene in 2004 by A. Geim and K.
Novoselov followed by Nobel Prize in physics in 2010 had triggered a great interest for
development of wide variety of potential technological applications. Graphene, a
monolayer of graphite, contains sp?-hybridized carbon atoms arranged into a two-
dimensional honeycomb crystal lattice (Figure 1). Due to these features, graphene can

find wide range of practical applications, including power engineering (flexible electronic

VI
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circuits, solar batteries, touch screens, photodetectors), optoelectronics, energy storage,
and even in water purification using membrane-based
methods. The unique structure of this single-atom-thick
sheet of carbon results in specific physicochemical

properties, including large surface to volume area, excellent

mechanical strength and high electrical conductivity. The

Figure 1. Schematic

so-called “graphene rush” has triggered new trends in  representation of graphene.
material chemistry, and not surprisingly other 2DMs
became a new exciting subject of research by many scientists around the world.
However, to take full advantage of the potential of graphene-related materials, the
knowledge improvement of the production of graphene on an industrial scale with very
high quality is needed. Noteworthy, both the structure and the properties of graphene such
as the number of layers, quality and lateral size are mainly dependent on the production
route. There are many technologies used for graphene production, which can be divided
into two main approaches: fop-down and bottom-up. The former relies on the
miniaturization of existing systems in the processes of delamination of the base material
using external factors e.g. ultrasounds, mechanical grinding or electrochemistry. So far,
the most commonly used method to produce high-quality pristine graphene sheets
concerns “scotch-tape” method, which was exploited to isolate this 2DM for the first time.
Unfortunately, this method is hardly exploited in large scale production, thus limit any
technological application. The latter approach consists of the production of
nanostructures as a result of self-assembly of individual molecules or atoms in the process
of e.g. chemical vapor deposition (CVD) on metal substrates or epitaxial growth on
silicon carbide (SiC). This approach is often used because it allows for better process
control and synthesis of a two-dimensional material with a more uniform morphology
and a relatively small number of defects. Nevertheless, the further improvements of
bottom-up approach are necessary to tackle the requirement of industrial manufacture,

e.g. low cost, reproducibility and high quality.

VIII
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Graphene can be subjected to various modifications based on both covalent bonds’
formation and non-covalent interactions. One of the most popular materials obtained as a

result of covalent modification is graphene oxide (GO), which displays numerous

oxygen-rich functional groups identified as mostly —_—
in the form of hydroxy and epoxy groups on the Ton] I \[ A Y
basal plane and carbonyl groups at the sheet edges HOOC._ I ‘J“,L “_’_‘, / \L l |J
(Figure 2). The presence of electron-rich functional w \ff_,. L [ ] “[‘,\ :

groups on GO significantly influences the L
COOH

hydrophilicity and high density of the negative  Figure 2. Schematic representation of
charge. Due to these unique properties, GO can graphene oxide (GO).

easily interact with organic compounds and metal ions via dipolar or strong electrostatic
interactions, which has found widespread use in adsorption processes. In addition, the
large diversity of oxygen groups on the GO surface makes this material an ideal candidate
for further covalent functionalization involving simple organic reactions.

Scientific purpose of this doctoral dissertation concerns synthesis of
functionalized two-dimensional materials (graphene and GO) by using approaches
that may enable mass production and their comprehensive physico-chemical
characterization, with particular emphasis on adsorption and energy storage
properties. We endeavour to overcome some difficulties that are crucial for the practical
application of 2D-based adsorbents including the difficulties in scaling-up the synthesis
methodology and their limited reproducibility in adsorption process. One of the main
purposes is related to the deepen knowledge of the structure-properties relationship in
presented materials being an obligatory stage for their future applications. The scientific
research carried out as part of the doctoral dissertation can be divided into three main
experimental parts presented below, with the former two focused on the production of
novel graphene oxide based-adsorbents using simple and efficient condensation reaction
between oxygen functional groups on the GO surface and amine anchoring group.
Accurate physico-chemical analysis proved the high efficiency towards heavy metal ions,
when we use as functionalization agent branched polymer (BPEI- branched
polyethyleneimine). In turn, graphene oxide modified by aminosilica nanoparticles
(S102NH>-GO) exhibit high value of kinetic rate, which was directly used in adsorption

of cationic dyes in solid phase extraction (SPE) process. The latter experimental part
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focused on the possible uses of functionalized 2DMs in electronics. As the first, we
combined graphene obtained via electrochemically exfoliation method (EEG) with
Keplerate type polyoxometalate decorated linear surfactants composite (Moi32-DTAB-
EEG). The synthetic approach combined with electrical measurements revealed
interesting properties in terms of potential supercapacitor applications.

The main experimental parts schematically presented in Figure 3 involve:

1. Synthesis of graphene oxide-branched polyethyleneimine hybrid material
(BPEI-GO) for removal heavy metal ions (Pb**, Cd**, Cu®*) from aqueous solution.

2. Preparation of graphene oxide-aminosilica mesoporous composite
(Si02NH2-GO) for fast and efficient sequester organic cationic dyes (MB-methylene
blue, MV-methylene violet, RhB- Rhodamine B).

3. Structural and electrical properties of electrochemically exfoliated
graphene modified with surfactant encapsulated cluster (Mo13:-DTAB-EEG) as advanced

electrode for supercapacitors application.

/ Functionalization of Graphene Oxide (GO) and Graphene (G) \ / Applications
/ , Adsorption

' g e
: :ﬁﬁ. [ =NENE Polluted water
8 e /’& SiO,NH,-GO '

. v ¢

-n@n Adsorbent

Pure water

Graphene oxide (GO)

Energy Storage

\

M0132-DTAB
\ ] '/ Graphene (G)

00“"”"

L

-DTAB-G supercapacitoy

Figure 3. Schematic representation of the projects concern in doctoral dissertation.

Exploration on the structure and properties of the new functionalized 2DMs
produced via bottom-up approach and achieving precise control over their properties are
key aspects to reveal their potential and to allow their integration in novel daily life

equipment. In the first experimental section, the most important strategies involve
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development of novel high-performance adsorbent (BPEI-GO) prepared via covalent
modification of graphene oxide with polymer containing amine moieties
(BPEI - branched polyethyleneimine), which was characterized by high stability, high
specific surface area and high affinity towards various chemical substances. Introduction
of system with substituted amino groups is one of the most commonly used methods of
GO covalent modification, which was used in the above work. The growth of 2D
covalently functionalized architectures with a high degree of functionalization will be
attained by exploring the functionalization of GO through the ring-opening reaction of
epoxy groups. The synthetic approach was combined with a multiscale physico-chemical
characterization of the produced materials by means of techniques such as Raman
spectroscopy, scanning electron microscopies (SEM), X-ray photoelectron spectroscopy
(XPS) and flame atomic absorption spectrometry (FAAS) used to adsorption
measurements. After detailed spectro-structural characterizations, amine derivatives of
GO were directly used in adsorption processes in aqueous solutions of heavy metal salts
(Pb**, Cd**, Cu?"). The maximum adsorption capacity (gmax) defined as the amount of
pollutant (ions) captured by the 1 gram of adsorbent, was determined using two
commonly isothermal models: Langmuir and Freundlich. Precise analyzes of adsorption
properties confirmed that the enrichment of GO with additional coordinating pockets in
the BPEI-GO system resulted in an adsorption of unprecedently high values (with respect
to carbonaceous materials) of gma for heavy metal ions (Cu?* - 1096 mg g!, Cd** - 2051
mg g, Pb?" - 3390 mg g!). This work also determined kinetic and thermodynamic
parameters that confirmed the spontaneous and exothermic nature of the adsorption
process. It was shown that there is a possibility of effective regeneration of adsorbents in
the presence of acid solutions (0.1 M EDTA and/or 0.1 M HNO3), which is necessary for
the practical use of sorption material on a larger scale.

Environment protection by removal of diverse contaminant from aqueous solution
is a topical field of science as it will provide a key contribution to the improvement of
people’s quality of life by offering concrete solutions towards food safety, environmental
and biohealth monitoring (as early diagnostics and continuous monitoring of diseases).
Recent studies have revealed that GO and functionalized graphene oxide (fGO) holds a
great potential as an active material for removal cationic dyes from water. Thanks to its

unique chemical and physical properties, f{GO can interact with the pollutant adsorbed on
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its surface. The second experimental part is dedicated to the investigation of newly
obtained compounds based on modified GO by aminosilica (SiO.NH2) and their
adsorption properties with respect to selected cationic dyes. Similarly, to previously
presented methodology, the growth of 2D covalently functionalized architectures with a
high degree of functionalization was attained by exploring the functionalization of GO
through the condensation reaction on epoxy groups. The SiO,NH>-GO composite is
characterized by high gmax values for organic dyes (RhB - 358 mg g*!, MB - 300 mg g,
MYV - 178 mg g!) and a high parameter of the adsorption reaction rate, which found direct
application in the SPE process. This part also determined kinetic and thermodynamic
parameters that confirmed the spontaneous and exothermic nature of the adsorption
process. It was shown that there is a possibility of effective regeneration of adsorbents in
the presence of 0.1 M HCI, which is necessary in the practical use of sorption material on
a larger scale. Both experimental parts present a novel approach combining
supramolecular and dynamic covalent chemistry methods aimed at forming porous
and functional adsorbents exhibiting high affinity towards various types of contaminants.

Finally, in the last experimental section of this thesis, we have exploited
electrochemically exfoliation method for the production of graphene (EEG) in liquid
media. This method is a recently developed approach for the large scale and fast
production graphene. We involved the use of molecular systems, e.g. surfactant
encapsulated cluster (SEC) in combination with 2DMs (EEG). The main goal of this work
concerns exploiting the electrical properties of modified graphene with Keplerate-type
polyoxometalate surfactant encapsulated cluster (Moi32-DTAB) by non-covalent
interactions in the context of potential application as supercapacitors. Polyoxometalates
belong to an interesting family of inorganic compounds with nanometric dimensions
consisting of two main subunits: transition metal ions on the highest oxidation state
(Mo*6, V3, W*6 Nb™) and terminal oxygen atoms that act as a bridge for other ions and
ligands. Due to the high molecular weight, high negative charge and very good solubility
in polar solutions, POMs have interesting catalytic, photochemical
and electrical properties. In addition, the POMs possess ability to adsorb alkali metal ions
(including Na*, Li"), which makes them promising platforms for building advanced
electrical materials. Therefore, initially the project was targeted on the investigation

of our material towards alkali metal sorption. However, after careful analyses including

XII



. a2 Institut de Science et d'Ingénierie Supramoléculaires Faculty of Chemistry
Université N r &

[ estasbous|

e.g. adsorption properties, the project has been altered because of weak adsorption
capacity in comparison to the starting materials. Nevertheless, accurate physicochemical
analysis (HR-TEM - high-resolution transmission electron microscopy, XRD - X-ray
diffraction, XPS) confirmed that formation of stable Mo13,-DTAB-EEG material was
realized. Porous, three-dimensional systems of Moi3-DTAB-EEG synergistically
combine with each other a POM redox properties and high electrical conductivity of
graphene. The obtained results show that such systems have interesting electrical
properties and may find potential application in the production of supercapacitors.

In conclusion, this doctoral dissertation mostly focuses on the issues related to the
adsorption of pollutants by functionalized GO and explores the knowledge about
molecular hybrids based on EEG. Apart from the novelty aspects regarding the
production of modified two-dimensional materials, we could demonstrate the following
structure/property rationale:

- Covalent modification of GO with an organic polymer (BPEI) very favourably
affects the efficiency of the adsorption process. The maximum adsorption capacity (gmax)
values for heavy metal ions significantly highlight this material in comparison to the
majority of known carbon adsorbents.

- Functionalization of GO with mesoporous aminosilica leads to obtaining an
efficient and rapid adsorbent (SiO2NH>-GO) of organic cationic dyes (MB, RhB, MV).
The material has been successfully used as a column filler in the SPE process, thus
enabling very fast purification of water in continuous flow.

- The family of Keplerate-type polyoxometalates are a very interesting group of
inorganic compounds that can form stable molecular hybrids with cationic surfactants
based on electrostatic interactions. Functionalization of electrochemically exfoliated
graphene (EEG) using the POM-surfactant subunits (Mo132-DTAB) proved that this type
of organic-inorganic hybrids material is very stable and have interesting electrical

properties with potential application in the production of supercapacitors.
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Résumé en Francais

Les nanotechnologies sont considérées comme 1’un des domaines les plus
prometteurs de la science et de la technologie; son développement continu devrait
permettre d’ouvrir de nouvelles opportunités pour les chercheurs du monde entier et
d’améliorer la qualité de vie de la population. Les nanotechnologies créent des systemes
fonctionnels a 1'échelle nanométrique au niveau moléculaire. Les progres réalisés dans les
secteurs technologiques et industriels apportent, outre de nombreux avantages, des
problémes séveres. L'un d'eux est la pollution de I'environnement. La large gamme de
contaminants rejetée dans l'eau, le sol et I'air nécessite la mise au point de techniques
permettant d'éliminer ces facteurs indésirables et nocifs. L’adsorption est I'un des
processus les plus importants pour améliorer la qualité, et plus particuliérement, la
propreté des eaux souterraines et des eaux usées, ce qui a un impact considérable sur la
protection de I'environnement. Les processus d’adsorption sont connus depuis longtemps.
De nos jours, divers nanomatériaux sont produits en continu et ensuite testées pour leurs
propriétés et leur aptitude industrielle pour ce qui est de leur grande efficacité
d’élimination des polluants, & un faible colit et avec la possibilité d’étre régénéré.
Cependant, leur impact sur I’environnement et sur tous les organismes vivants, y compris
la sant¢ humaine, reste mal compris. La compréhension complete de la nature des
nanomatériaux nécessite une approche interdisciplinaire et des connaissances non
seulement dans le domaine de l'ingénierie des matériaux, mais également dans les
domaines de la physique, de la chimie, de la biologie et de la médecine.

Récemment, le graphéne et son dérivé I’oxyde de graphene (GO), sont en train de
devenir un des matériaux de faible dimension les plus développés qui soient et font I'objet
d'une attention toute particuliere dans les laboratoires de recherche académiques et
industriels. Ces matériaux bidimensionnels (2DM) dotés de propriétés physicochimiques
uniques (par exemple, une conductivité électrique et thermique exceptionnelle) ont
montré un grand potentiel en tant que composants de capteurs, de supercondensateurs et

de plates-formes d'adsorption de divers polluants en milieu aqueux.
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L’isolement du graphene sous forme de monocouche en 2004 par A. Geim et K.
Novoselov, suivi du prix Nobel de physique en 2010, a suscité un intérét croissant pour
le développement d'une grande variété d'applications technologiques a base de graphéne.
Le graphéne, une monocouche de graphite, contient des
atomes de carbone hybrides sp? disposés en un réseau
cristallin a deux dimensions sous forme de nid d'abeille

(Figure 1). Grace a ces caractéristiques, le graphene peut étre

utilis¢ dans une large gamme d'applications pratiques, y

Figure 1. Graphéne.

compris l'ingénierie énergétique (circuits électroniques

flexibles, batteries solaires, écrans tactiles, photodétecteurs), 1'optoélectronique, le
stockage d'énergie et méme la purification de I'eau a I'aide de méthodes basées sur des
membranes. La structure unique de cette couche de carbone €épaisse d'un atome donne des
propriétés physico-chimiques spécifiques, notamment une grand ratio surface sur volume,
une excellente résistance mécanique et une conductivité électrique élevée. La « ruée vers
le graphéne » a déclenché de nouvelles tendances en chimie des matériaux et, sans
surprise, d'autres 2DM sont devenus un nouveau sujet de recherche passionnant pour de
nombreux scientifiques du monde entier.

Cependant, pour tirer pleinement parti du potentiel des matériaux liés au graphéne,
I'amélioration des connaissances sur la production de graphene a 1'échelle industrielle
avec une trés haute qualité est nécessaire. Il convient de noter qu’a la fois la structure et
les propriétés du graphéne tels que comme le nombre de couches, la qualité et la taille des
bords dépendent principalement du processus de production. Il existe de nombreuses
technologies utilisées pour la production de graphéne, qui peuvent étre divisées en deux
approches principales: 1’approche fop-down et bottom-up. La premiére repose sur la
miniaturisation des systémes existants dans les processus de délamination du matériau de
base en utilisant des facteurs externes tels que les ultrasons, le broyage mécanique ou par
¢lectrochimie. Jusqu'a présent, la méthode la plus couramment utilisée pour produire des
feuillets de graphéne de haute qualité est la méthode du «scotch-tape», qui a été exploitée
pour isoler ce 2DM pour la premiere fois. Malheureusement, cette méthode est
difficilement exploitable dans la production a grande échelle, limitant ainsi toute
application technologique a grande échelle. La dernic¢re approche consiste a produire des

via ’autoassemblage de molécules ou d’atomes individuels dans lors de processus tels
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que le dépdt chimique en phase vapeur (CVD) sur des substrats métalliques ou par
croissance épitaxiale sur du carbure de silicium (SiC). Cette approche est souvent utilisée
car elle permet de mieux controler les processus impliqués, et de synthétiser un matériau
a deux dimensions présentant une morphologie plus uniforme avec nombre relativement
limité de défauts. Néanmoins, les améliorations ultérieures de 1’approche bottom-up sont
nécessaires pour répondre a 1’exigence de fabrication industrielle, a savoir un faible coft
de production, une reproductibilité et une qualité élevées.

Le graphéne peut étre soumis a diverses modifications basées a la fois sur la
formation de liaisons covalentes et sur des interactions non covalentes. L'un des
matériaux les plus populaires obtenus a la suite d'une modification covalente est 1'oxyde
de graphene (GO), qui présente de nombreux groupes fonctionnels riches en oxygene,
identifiés principalement sous la forme de groupes hydroxy et époxy sur le plan de base
et de groupes carbonyle aux bords de la feuille. (Figure 2). La présence de groupes
fonctionnels riches en électrons sur GO influence de maniére significative 1'hydrophilie
et la densité¢ élevée de la charge négative. Grace a ces propriétés uniques, GO peut
facilement interagir avec des composés organiques et des ions métalliques par le biais

d'interactions dipolaires ou électrostatiques fortes, COOM
-~ o~ o COOH

CE X =X X
chﬁ L OH |1 I ]\ |J

d'adsorption. De plus, la grande diversité de groupes uooc__v__,l.__ P O PPN

ce qui a été¢ largement utilisé dans les processus

o
o
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oxygene sur la surface GO fait de ce matériau un

R N P N

candidat idéal pour une fonctionnalisation covalente f
COOH

ultérieure impliquant des réactions organiques
Figure 2. L’oxyde de graphene.
simples.

L'objectif scientifique de cette thése concerne la synthése de matériaux
bidimensionnels fonctionnalisés (graphéne et GO) en utilisant des approches
permettant une production en série tout en procédant a caractérisation physico-
chimique compléte, avec un accent particulier sur les propriétés d'adsorption et de
stockage d'énergie. Nous nous sommes effor¢cés de surmonter certaines difficultés pour
I’application pratique des adsorbants a base 2D tels que les difficultés rencontrées dans
I’augmentation de 1'échelle de production, de la méthodologie de synthése et de la

reproductibilité limitée qui en découle, lors le processus d'adsorption. L’un des objectifs

principaux est li¢é a 1’approfondissement des connaissances de la relation structure-
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propriétés dans les matériaux présentés, qui est une étape obligatoire pour leurs
applications futures. La recherche scientifique menée dans le cadre de la thése de doctorat
peut étre divisée en trois parties expérimentales principales présentées ci-dessous, les
deux premicres étant axées sur la production de nouveaux adsorbants a base d'oxyde de
graphéne utilisant une réaction de condensation simple et efficace entre des groupes
fonctionnels de type oxygene a la surface de GO et un groupe d'ancrage de type amine.
Une analyse physico-chimique précise a prouvé une haute efficacité d’adsorption vis-a-
vis des ions de métaux lourds, lorsque nous utilisons comme agent de fonctionnalisation
un polymére ramifié (polyéthyléneimine ramifié¢ BPEI). A leur tour, l'oxyde de graphéne
modifi¢ par des nanoparticules d'aminosilicates (SiO,NH>-GO) présente une valeur
¢levée de la vitesse cinétique, qui a été directement utilisée dans 1'adsorption des colorants
cationiques lors d’un processus d'extraction en phase solide (SPE). La derniére partie
expérimentale s'est concentrée sur les utilisations possibles des 2DM fonctionnalisés en
¢lectronique. Premiérement, nous avons combiné le graphéne obtenu par la méthode
d’exfoliation électrochimique (EEG) avec un composite de surfactant linéaire décoré par
des polyoxométallate de type Keplerate (Mo132-DTAB-EEG). L'approche synthétique
combinée a des mesures électriques a révélé des propriétés intéressantes en termes
d'applications de supercondensateurs.

Les principales parties expérimentales présentées schématiquement Figure 3
concernent :

1. La synthése d'un matériau hybride polyéthyléneimine ramifié (oxyde de
graphéne) (BPEI-GO) pour I'élimination des ions de métaux lourds (Pb?**, Cd**, Cu?") de
l'eau.

2. La préparation du composite mésoporeux oxyde de graphéne-aminosilique
(Si02NH2-GO) pour capter rapidement et efficacement des colorants organiques
cationiques (MB-méthyléne bleu, MV-méthyléne violet, RhB-Rhodamine B).

3. L’¢tude des propriétés structurelles et électriques du graphéne
¢lectrochimiquement exfolié, modifi¢ encapsulé dans un tensioactif (Mo132-DTAB-EEG)

servant d’électrode avancée pour des applications de supercondensateur.
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/ Fonctionnalisation de 'oxyde de graphéne et du graphéne \ / Applications
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Figure 3. Représentation schématique des principales hypothéses de synthése de la thése.

L'exploration de la structure et des propriétés de nouveaux 2DM fonctionnalisés
produits via une approche bottom-up et la réalisation d'un contrdle précis de leurs
propriétés sont des aspects clés pour révéler leur potentiel et permettre leur intégration
dans de nouveaux équipements de la vie quotidienne. Dans la premiére partie
expérimentale, les stratégies les plus importantes impliquent le développement d’un
nouvel adsorbant a haute performance (BPEI-GO) préparé par modification covalente de
I’oxyde de graphéne avec un polymeére contenant des fractions amine
(BPEI - polyéthyleneimine ramifiée), caractérisé par une stabilité élevée, une surface
spécifique et forte affinité pour diverses substances chimiques. L'introduction d'un
systéme avec des groupes amino substitués est 1'une des méthodes de modification
covalente de GO les plus couramment utilisées, et a donc ét¢ employé dans le travail
susmentionné. La croissance d'architectures 2D fonctionnalisées de manicre covalente
avec un degré élevé est obtenue en explorant la fonctionnalisation de GO par la réaction
d’ouverture de cycle des groupes époxy. L’approche synthétique a été associée a une
caractérisation physico-chimique multi-échelles des matériaux produits a ’aide de
techniques telles que la spectroscopie Raman, la microscopie ¢électronique a balayage
(SEM), la spectroscopie photoélectronique a rayons X (XPS) et la spectrométrie

d'absorption atomique a flamme (FAAS) utilisées pour les mesures d'adsorption. Apres
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des caractérisations spectro-structurelles détaillées, les dérivés aminés de GO ont été
directement utilisés dans des processus d’adsorption dans des solutions aqueuses de sels
de métaux lourds (Pb%*, Cd?**, Cu?"). La capacité maximale d'adsorption (gma) définie
comme la quantité de polluant (ions) capturée par 1 gramme d'adsorbant a été déterminée
a l'aide de deux mode¢les isothermes : Langmuir et Freundlich. Des analyses précises des
propriétés d’adsorption ont confirmé que I’enrichissement de GO en sites de coordination
supplémentaires dans le systtme BPEI-GO engendrait des valeurs d’absorption sans
précédents (pour ce qui est des matériaux carboné€s) de gmax pour les ions de métaux lourds
(Cu?"-1096 mg g!', Cd?" - 2051 mg g, Pb?" - 3390 mg g!). Ce travail a également
permis de déterminer les parameétres cinétiques et thermodynamiques confirmant le
caractere spontané et exothermique du processus d’adsorption. Il a été démontré qu'il était
possible de régénérer efficacement les adsorbants en présence de solutions acides (0,1 M
EDTA et/ou0,1 M HNO:3), ce qui est nécessaire pour une utilisation pratique du matériau
de sorption a plus grande échelle.

La protection de I'environnement par I'¢limination de divers contaminants des
solutions aqueuses est un domaine d'actualité¢ scientifique car elle apportera une
contribution essentielle a I'amélioration de la qualité de vie de la population, en proposant
des solutions concretes pour la surveillance de la sécurité¢ sanitaire des aliments, de
I'environnement et de la biosanté (diagnostic précoce et surveillance continue des
maladies). Des études récentes ont révélé que le GO et I'oxyde de graphéne fonctionnalisé
(fGO) présentaient un grand potentiel en tant que matériaux actifs pour I'élimination des
colorants cationiques de I'eau. Grace a ses propriétés chimiques et physiques uniques, le
fGO peut interagir avec le polluant adsorbé a sa surface. La deuxiéme partie
expérimentale est consacrée a I’étude des composés nouvellement obtenus a base de GO
modifi¢ par l'aminosilicate (SiO2NH») et leurs propriétés d'adsorption vis-a-vis de
colorants cationiques sélectionnés. De méme, comme dans la méthodologie présentée
précédemment, la croissance d'architectures 2D fonctionnalisées de maniére covalente
avec un degré ¢élevé de fonctionnalisation a ¢été obtenue en employant la
fonctionnalisation de GO par la réaction de condensation sur des groupes époxy. Le
composite SiIO2NH>-GO est caractérisé par des valeurs de gmax €levées pour les colorants
organiques (RhB - 358 mg g*!, MB - 300 mg g'!, MV - 178 mg g!) ainsi qu’un paramétre

¢levé de la vitesse de réaction d'adsorption, ce qui lui trouve une application directe dans

XIX



. a2 Institut de Science et d'Ingénierie Supramoléculaires Faculty of Chemistry
Université N r &

[ estasbous|

le processus SPE. Ce travail a également permis de déterminer les parametres cinétiques
et thermodynamiques qui ont confirmé la nature spontanée et exothermique du processus
d'adsorption. Il a ét¢ démontré qu'il existe une possibilit¢ de régénération efficace
d'adsorbants en présence de HC1 0,1 M, ce qui est nécessaire dans l'utilisation pratique du
matériau de sorption a plus grande échelle. Les deux parties expérimentales présentent
une nouvelle approche combinant des méthodes de chimie covalente supramoléculaire et
dynamique visant a la formation d’adsorbants poreux et fonctionnels présentant une forte
affinité pour divers types de contaminants.

Enfin, dans la derniére partie expérimentale de cette theése, nous avons exploité la
méthode d’exfoliation électrochimique pour la production de graphéne (EEG) en milieu
liquide. Cette méthode est une approche récemment développée pour la production de
graphene a grande échelle de maniere rapide. Nous avons utilisé de systemes moléculaires
tels que des clusters de surfactant (SEC) en combinaison avec le 2DM (EEG). L'objectif
principal de ce travail consiste en 1'exploitation des propriétés électriques du graphéne
modifié avec un cluster encapsulé dans un tensioactif polyoxométalate de type Keplerate
(Mo132-DTAB) par des interactions non covalentes dans le contexte d'applications
potentielle tels que des supercondensateurs. Les polyoxométallates appartiennent a une
famille intéressante de composés inorganiques de dimensions nanométriques constitués
de deux sous-unités principales : les ions de métaux de transition sur 1'état d'oxydation le
plus élevé (Mo™®, V- W*6, Nb*) et les atomes d'oxygéne terminaux agissant comme un
pont pour d'autres ions et ligands. En raison de leur poids moléculaire élevé, de la charge
négative élevée et de la trés bonne solubilité dans les solutions polaires, les POM ont des
propriétés catalytiques, €lectriques et photochimiques intéressantes. En outre, les POM
possédent la capacité d'adsorber les ions de métaux alcalins (y compris Na*, Li"), ce qui
en fait des plateformes prometteuses pour la construction de matériaux ¢€lectriques
avancés. Par conséquent, le projet visait initialement a étudier notre matériau en vue de
la sorption des métaux alcalins. Cependant, aprés des analyses minutieuses comprenant
par exemple les propriétés d'adsorption, le projet a ét¢ modifi¢ en raison de la faible
capacité d'adsorption par rapport aux matériaux de départ. Néanmoins, une analyse
physico-chimique précise (HR-TEM - microscopie ¢lectronique a transmission a haute
résolution, DRX - diffraction des rayons X, XPS) a confirmé la formation d'un matériau

stable Mo132-DTAB-EEG. Les systémes tridimensionnels poreux de Mo132-DTAB-EEG

XX
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combinent de manicre synergique les propriétés redox POM et la haute conductivité
¢lectrique du graphéne. Les résultats obtenus montrent que ces systémes ont des
propriétés électriques intéressantes et peuvent trouver une application potentielle dans la
production de supercondensateurs.

En conclusion, cette thése de doctorat porte principalement sur les problémes liés
a lI'adsorption de polluants par le GO fonctionnalisé et explore les connaissances sur les
hybrides moléculaires basés sur I'EEG. Outre les aspects liés a la nouveauté concernant
la production de matériaux bidimensionnels modifiés, nous pourrions démontrer la
logique des relations structure/propriété suivante:

- La modification covalente de GO avec un polymere organique (BPEI) affecte
trés favorablement I'efficacit¢é du processus d'adsorption. Les valeurs de capacité
maximale d'adsorption (gmax) pour les ions de métaux lourds soulignent de maniere
significative ce matériau par rapport a la majorité des adsorbants a base de carbone
connus.

- La fonctionnalisation de GO avec l'aminosilicate mésoporeuse (SiO2NH>)
conduit a l'obtention d’un adsorbant efficace et rapide des colorants organiques
cationiques (MB, RhB, MV). Le matériau a été utilisé avec succés comme charge de
colonne dans le procédé SPE, permettant ainsi une purification tres rapide de I'eau en flux
continu.

- La famille des polyoxométallates de type Keplerate constitue un groupe trés
intéressant de composés inorganiques pouvant former des hybrides moléculaires stables
avec des tensioactifs cationiques a basé sur des interactions électrostatiques. La
fonctionnalisation du graphene électrochimiquement exfoli¢ (EEG) avec les sous-unités
de surfactant POM (Mo132-DTAB) a prouvé que ce type de matériau hybride organique-
inorganique est tres stable et présente des propriétés électriques intéressantes pouvant étre

utilisées dans la production de supercondensateurs.

XXI
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Chapter 1.

Introduction

In the last decade the research on two-dimensional materials (2DMs) has attracted
great attention due to their remarkable properties, which render them appealing platforms
for many classical fields of research such as chemistry and condensed matter physics, and
it is particularly blooming in the interdisciplinary realms of nanoscience and materials

2 optical devices® and chemical

science, including energy generation and storage,!
sensors.*® Among their different unique properties, 2DMs feature extremely high surface
area-to-volume ratio and ultra-high surface sensitivity to the environment, being key
characteristics for applications in chemical sensing. Moreover, 2DMs’ superior electrical
and optical properties, combined with excellent mechanical characteristics such as
flexibility and robustness, make these materials ideal components for the fabrication of a
new generation of high-performance chemical sensors. Depending on the specific device,
2DMs can be tailored to interact with various chemical species at the noncovalent level
making them powerful platforms for fabricating devices expressing a high sensitivity
towards detection of various analytes including gas, ions and small biomolecules.

The history of graphene, which is one of the most important 2DM began more
than 170 years ago, when the German scientist Schafthaeutl in 1840 described the first
exfoliation of graphite using nitric and sulfuric acids.” In turn, Sir Benjamin Collins
Brodie (2" Baronet) in 1859 fabricated and described the highly lamellar structure of
graphite oxide.® A good understanding over their structures was obtained only in early
1930s with the introduction of X-ray diffraction techniques. Nearly 30 years later, Boehm
and co-workers observed by electron microscope ultrathin carbon film obtained via
reduction of graphite oxide.” Unfortunately, there were experimental limitations
regarding the isolation due to the thermodynamical instability of the material. However,
after more than two decades Boehm, Setton and Stumpp proposed the term “graphene”
for the determination of a single graphite layer. While occasional attempts to study

graphene can be traced back (Figure 1.1), the ground-breaking experiments by Geim and
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Novoselov on the fabrication, isolation and study of the outstanding physical properties

of graphene using mechanical exfoliation method were conducted in 2004,'" for what they

were awarded the Nobel Prize in Physics in 2010.
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Figure 1.1. Roadmap of graphene. Reproduced with permission. !

Graphene is defined as a single layer of sp? hybridized carbon atoms, arranged in
a honeycomb crystal lattice. The sp? hybridization in graphene sheets is responsible for
the generation of a flat rhombohedral structure, in which carbon atoms are connected by
strong ¢ bonds which affect their mechanical strength. In single- and multi-layered
structure of graphene three valence electrons are sp? hybridized, whereas the last valence
electron creates m bond responsible for electron transport behavior and interaction
between graphene layers.'> 13 One-atom thick graphene is arguably the most glorified
material of the last decade; it’s fascinating physico-chemical properties have spread
beyond the academic community and drawn the attention of world-leading chemical and
materials oriented companies as well as public institutions, especially since graphene-
based products are going on sale.'* This so called ‘graphene rush’ has triggered the pursuit
of atomically thin sheets of other layered materials, such as semiconducting transition
metal dichalcogenides (TMDCs),'> hexagonal boron nitride and, more recently, MXenes
which include transition metal carbides, nitrides and carbonitrides,'¢ and phosphorene.!”-
1 Graphene can be seen as a single layer of graphite, and while the latter behaves
metallically, graphene is a semi-metal featuring a unique zero band gap.?’ In addition,
graphene possesses many extraordinary properties including excellent thermal (above

3000 W/mK)?!' and electrical (~6000 S/m) conductivity.?> Single two-dimensional
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graphene layer exhibits the mobility of electrons of ~10,000 cm? V- s110 while
theoretical calculations on a single layer without defects show that it can reach up to
200,000 cm? V-! 571,23 which is even better than copper — one of the superior conductive
materials. Additional features that distinguish this 2DM are: extremely high specific
surface area (up to 2630 m?/g), a Young’s modulus of 1 TPa, essential tensile strength of
130 GPa,?* and possibility to further chemical functionalization, which allows to control
and design its specific properties. Graphene is particularly promising for sensing by virtue
of its extremely high conductivity, and its large surface area. Despite being only one atom
thick graphene is impermeable in its pristine form, effectively blocking the passage of
even the smallest molecules.?’> The impermeable nature of graphene has triggered

26,27 a5 well

extensive studies on its application as a barrier for liquid and gas permeation,
as on its use as shielding material protecting metallic surfaces against corrosion.?® Such
unique property of graphene has triggered extensive efforts towards the use graphene and
other 2DMs for the design of ultrathin water-separation membranes and as platforms to
absorb (heavy) metal ions. The chemical and structural diversity of these 2DMs, whose
properties are indeed dictated by their dimensionality,?® offer immense opportunities for
fundamental and applied research. Different optical and electronic properties may be
obtained ranging from the exceptional semi-metallic conductivity of graphene’® 3! to the
semiconducting characteristics of some transition metal dichalcogenides (TMDs) that
possess sizeable and tuneable bandgaps, which change from indirect (bulk material) to
direct (single layer form).3? Graphene is also extremely appealing in the field of energy
storage applications as an electrochemical double-layer supercapacitors,’>
cathodes/anodes in batteries’* as well as sensors, ranging from gas, metal (alkali and
heavy metal), to biologically relevant molecules (e.g. glucose and DNA). Noteworthy,
unlike classical digital sensors, 2DMs-based sensors do not possess physical gates for
selectively reacting to the targeted species (gas molecules,3® metal ions or
biomolecules’”3%).

To take full advantage of the potential of graphene materials, knowledge
improvement on the production of graphene on an industrial scale with very high quality
is needed. Noteworthy, both the structure and properties of graphene including the

number of layers, quality and lateral size are mainly dependent on the undertaken

production route. Additionally, 2DMs obtained by different synthetic approaches can be
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very different from the pristine form due to the presence of defects which leads to
different behaviors and consequently different performance in the final sensing device.
There are many technologies used for 2DMs production, which can be divided into two
main panels: top-down and bottom-up as illustrated on Figure 1.2. The top-down approach
is based on the miniaturization of existing systems in the processes of delamination of the
base material using external factors e.g. ultrasounds, mechanical grinding or
electrochemistry. The graphene layers are most commonly exfoliated from the bulk
graphite via the “scotch tape” method.?® Unfortunately, the flakes produced with such a
method have high quality, yet very limited lateral size. On the other hand, the bottom-up
method consists of the production of nanostructures as a result of self-assembly of
individual molecules or atoms in the process of e.g. chemical vapor deposition (CVD) on
metal substrates or epitaxial growth on silicon carbide (SiC). This approach is often used
because it allows for better process control and synthesis of a two-dimensional material
with a more uniform morphology and a relatively small number of defects. CVD graphene
is usually obtained through a catalytical decomposition of hydrocarbons (usually
methane) on a hot (~1000 °C) metal surface (Cu, Ni and Co) under vacuum.*’ Since the
graphene grows directly onto the metal surface, different techniques have been developed
to transfer it onto dielectric substrates.*! Epitaxial growth is another method to obtain
large and uniform high-quality graphene films.*? Typically, SiC is heated under high
vacuum at high temperature (> 1200 °C); this allows the surface silicon atoms to
evaporate, yielding the rearrangement of the carbon atoms to form a graphene layer.
Mechanical exfoliation makes it possible to obtain high quality graphene monolayers, but
the very low throughput and yield of the so-obtained graphene flakes hinder any industrial
application, while CVD and epitaxial grow allow to obtain large-area graphene
monolayers, although the production costs remain high. The production of GO followed
by its reduction is a high throughput, easily scalable and cheap method to obtain large
amount of graphene.® It is however fair to note that reduced graphene oxide (rGO) is less
conductive and have numerous structural defects and residual functional groups
compared to pristine graphene, yet their presence could offer a clear route for
improvement of the sensing capabilities as already discussed.** Similarly GO has a higher
number of oxygen functional groups, but it is an electrical insulator.** A compromise in

terms of quality of the flakes and yield is offered by the liquid-phase exfoliation (LPE) of
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graphite: graphene flakes dispersed in water/surfactants or organic solvents can be

obtained with the aid of ultrasonication,*>*¢ shear mixing*’ or electrochemical approach.*®

5
Y
92
: Q“%

‘Carbon gas source Graphite ‘

o]
oy W Top oW

\/ Graphene sheet Graphene powde

Figure 1.2. Bottom-up and top-down approaches Reproduced with permission.*’

The interaction between 2DMs sheets and molecules/ions is accompanied by the
adjustment of the properties of both initial components. Such interaction can occur via:
a) the physisorption of molecular building blocks onto basal plane of 2DMs sheets
through non-covalent interactions or b) the chemisorption of reactive species undergoing
chemical reactions with 2DMs to form covalent bonds onto their basal planes. In the field
of sensing since non-covalent interactions may be preferred when a quick response and a
fast recovery rate is required (i.e. real-time monitoring), while the weakness of the bond
can be disadvantageous when biomolecules (i.e. enzyme) need to be immobilized on the
surface and to be stable during the assay (i.e. in buffered saline solution), thus a covalent
bond can be more suitable. The most commonly used modifying agent of graphene
include organic polymers, inorganic hybrid materials, surfactants, small aromatic
molecules and even biomolecules.’® °! In addition, the large diversity of oxygen groups
on the GO surface makes this material an ideal candidate for further covalent
functionalization involving simple organic reactions. One of the most commonly used
methods of chemical functionalization of GO is epoxy-ring opening reaction induced via

52-54

free electron pairs of organic molecules. The organic moieties used in

functionalization are mostly based on amino-containing groups including polypyrrole,>
hyperbranched polyamine ,® poly(allylamine) hydrochloride,”” polyamidoamine
dendrimers,*® poly(acrylamide),’® poly(N-vinyl- carbazole),®® benzidine,®! glycine,

aminosilica®® efc. Additionally, many research groups have investigated numerous hybrid
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64-66 9, 35, 37,

materials that include combinations of GO with iron oxide, chitosan,
ethylenediaminetetraacetic acid,®” 8 erc.

The physisorption of molecules onto surface depends on the nature of both analyte
and surface; for example, graphene is an extended honeycomb network of sp? hybridized
carbon atoms characterized by a long-range m-conjugation. Consequently, noncovalent
intermolecular interactions involving m-systems are pivotal in the recognition events since
subtle changes in the electronic characteristics of the  systems can lead to modifications
of the structure and properties,® 7° as well as they may enhance the stability of the
physisorbed compounds as observed for proteins, enzyme—drug and DNA-—protein
complexes.”’ 7> The understanding of the nature of m-complexes has indeed high
importance for graphene based sensors since the gas—r interaction,”? H—r interaction,’
"7 t—x interaction,”®*? cation—r interaction,3*°! and anion—n interaction’® 2192 possess
different strength which is determined by a combination of attractive and repulsive forces.
Compared to graphene, the family of TMDs, which includes molybdenum disulfide
(MoS;), tungsten disulfide (WS;), molybdenum diselenide (MoSez) and tungsten
diselenide (WSe») as the most studied, has not been investigated extensively from this
point of view. More generally, 2DMs produced by means of different methods can be
very different due to the presence of structural defects which leads to different behaviours,
and consequently different performance in the final sensing device. In the last years the
term “defects”!%3-197 has become a keyword in the field of 2DMs as the presence of defects
play a major role in modifying the properties of 2DMs. Although it might have a negative
implication when one targets applications in fast opto-electronics, well-designed defects
might lead to new and tuneable properties opening a wide range of interesting applications
that pristine materials cannot afford such as enhanced electron transfer rate and
108

electrochemical activity as observed for graphene based electrochemical sensors.

Lattice vacancies affect the electronic properties of the TMDs sheets, by lowering their

109, 110 111, 112

charge carrier mobility and density as well as triggering photoluminescence

and modifying chemical reactivity.!'3

In graphene the defects within the honeycomb
network of C=C, whose number depends mainly on the protocol employed for its
fabrication, typically consists in point defects, i.e. the absence some sp? carbon atoms,
and/or the presence of carbon atoms with sp® hybridization. The carbon atoms

surrounding these defects are electronically perturbed thus they exhibit different
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electronic structures; therefore, they are chemically activated for further chemical
reactions. In other words, the presence of points defects enhances the chemical reactivity

of graphene.!'* Carbon atoms with sp? hybridization located on graphene can react with

115-117

highly reactive free radicals, such as those produced by diazonium salts or benzoyl

peroxide;''® as well as dienophiles which react with C=C of graphene through a 1,3
dipolar cycloaddition.!"” However, a massive introduction of defects can be achieved by

120 resulting in the formation of graphite

exposing graphite to strong oxidizing agents
oxide. The latter when immersed in water tends to spontaneously exfoliate, into single
layers of graphene oxide, due to the negative charged oxygen functionalities decorating
both basal plane and edges.'?! Such material is probably the most investigated 2DM in
the field of sensing!'??"1%° because of its ease functionalization. The negative charges on
its surface can interact non-covalently with a wide range of positively charged molecules;
for example, outstanding sorption properties for heavy metal cations have been
reported.'?”> 128 Moreover, the oxygen functionalities, which consist mostly of hydroxyl
and epoxy groups exposed on the basal plane and carboxy and carbonyl functionalities

129, 130

located at the sheet edges, are extremely reactive thus allowing further modification

of GO.!3!- 132 Importantly, the electrical conductivity can be to a great extent restored and

tuned during the reduction step of the functionalized graphene oxide (fGO)'** making it

an extremely versatile material for sensing with electrical read out. The use of defects to
introduce functionalities has been also successfully extended to the family of TMDs
where the presence of chalcogen deficiency can be used to decorate the surface of the

2DM with different functionalities. For example reactive sulphur vacancies in MoS; may

109,134

simply arise during the exfoliation process or be introduced on purpose

135

electrochemically'? or by ion-beam irradiation.!® These reactive sites can readily react

with sulphur-containing moieties such as alkanethiol molecules resulting into a covalent

136-138

bond formation. Alternatively, defects can be further expanded into (sub)-

nanometre sized pores transforming the 2DMs into permselective membranes'’

or
ultrasensitive sensors even able to sequence DNA.'4% 141 Sych property can be further
tuned and harnessed to achieve enhanced permselectivity by controlled chemical
functionalization of both pore edges and surface in a post-process chemical treatment.'
As already anticipated the 2D nature of such materials offers several advantages in the

field of sensing since the atomic thickness provides a direct interaction of all the atoms
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with the analyte while the large lateral size not only guarantees a large active surface for
the sensing event, but it also facilitates the assembly of the device, as demonstrated for
field-effect transistor (FETs), i.e. by enabling a better contact with metal electrodes and
better control over the channel structures.'*> Obviously, the architecture of the sensing
device depends on which properties of the 2DMs the analytes is affecting mostly as well
as on the nature of both the 2DM and the analyte. Electrochemical sensors based on
graphene have been probably the most investigated so far since they provide a direct

electrical response'#?

. Graphene offers indeed a large electrochemical window (up to 2.5
V),!?? thus enabling the detection of molecules with high reduction or oxidation potential
(e.g. nucleic acids), and good electrocatalytic activities for many redox reactions.'#
Furthermore, due its ambipolar character, the functionalization with both electron
withdrawing or donating groups can lead to chemical gating resulting in a change of
conductivity of the material.'*> The combination of the atomic thickness of the 2DMs
with the chemical gating that results when the surface potential is changed due to the
binding of molecules has led to the generation of new FETs sensors based on 2DMs, as
recently reviewed by Mao ef al.'*? Interestingly in such a kind of sensors, 2D
semiconducting materials outperform their conducting counterparts since the presence of
a finite band gap decreases the initial conductance inside the channel thus improving the
signal-to-noise ratio. Consequently, the performance of the device is mainly dictated by
the band gap which can be tuned by defects engineering, doping, as well as by playing
with the thickness of the material opening a wide range of opportunities as recently

demonstrated by Cui et al.'%

in a phosphorene-based FET gas sensor. While a direct
electrical response is generally preferred for practical applications, the interactions of the
2DMs with analytes give rise to interesting optical phenomena such as the modulation of
the photoluminescent properties opening up a wide range of opportunities. Graphene and
GO are known to be highly efficient fluorescence quenchers if compared to organic
compounds, thus Forster resonance energy transfer (FRET) sensors have attracted
increasing interest in the last years especially for biomedical applications since they can
be used to measure precisely nanometre-scale distance and changes both in vivo and in

vitro'*’

resulting into nanobiosensors with excellent sensitivity, selectivity, and
biostability.'*® Even single-layer MoS, nanosheet possesses high fluorescence quenching

efficiency and by taking advantage of such a characteristic it has been exploited as sensing
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platforms for the detection of DNA and small molecules.'* However, the use of 2DMs
in FRET is not limited to energy acceptor since a proper functionalization may result in
photoluminescent flakes which can act as energy donor and be quenched by more electron
deficient molecules such as nitro compounds which are common constituent to prepare
powerful explosives.!>® The use of 2DMs as substrate for enhancing the Raman signals
of adsorbed molecules represented a major breakthrough in the field of sensing.'>!> 152
Different Raman vibrational modes can be enhanced depending on which layered
material the molecule is adsorbed onto. Surface enhanced Raman spectroscopy (SERS)
is mainly employed to explore the detection of chemical and biological species'>*!3¢ due
its high sensitivity (even down to single molecules)'3”> 138 and the bar-code like reading
that comes from the narrow vibrational bands in the Raman spectrum. Different Raman

enhancement mechanisms have been proposed for different 2DMs, however, like in the

159 160

previous examples, surface modification'>” as well as the thickness'® play a fundamental
role in terms of selectivity and Raman signal enhancement.

The intensive research on 2DMs for sensing application has been further
motivated by their intrinsic mechanical properties such as robustness, flexibility,
lightweight which makes possible the realization of portable and wearable sensors with
tremendous impact on our society enabling the monitoring of the wearers’ health, fitness,
and their surroundings.!! The development of wearable chemical sensors faces multiple
challenges on various fronts such as power, analytical procedure, communication, data
acquisition, processing and security. Nevertheless, several examples of flexible graphene-
based wearable gas and chemical sensors has been recently reviewed!'®? and also

a wearable patch for sweat-based diabetes monitoring and feedback therapy has been

reported,'® which combines a heater, temperature, humidity, glucose and pH detection.
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1.1. 2DMs based sensing of metal ions

The rapid escalation of agricultural and industrial activities as a result of the
population growth is yielding a dramatic proliferation of the amount of pollutants released
daily worldwide into the environment.!6*1% Metal ions and dyes in the aqueous
environment have determined various diseases and seriously threaten ecosystem and
public health with the rapid development of the industry in recent years.!6”- 198 A great
effort has been made to fabricate portable sensors for monitoring heavy metals in the
environment. Within this framework also 2DMs-based materials have been integrated in
different types of sensors capable of detecting heavy and alkali metal ions via electrical
142, 169-184 and optical outputs.'®>-1% The interaction between 2DMs and metal ions have
been extensively explored in the past years and as a result outstanding adsorption
capabilities have been achieved, opening new avenues in the field of wastewater
purification and sensing.'** Among various approaches, those based on physisorption or
chemisorption, relying on the capturing of the pollutant (i.e. analyte) by an adsorbent
(i.e. receptor), are chemically programmable as they exploit supramolecular recognition
events. The intensive research on 2D materials for sensing application has been further
motivated by their intrinsic mechanical properties such as robustness, flexibility,
lightweight which makes possible the realization of wearable sensors with tremendous
impact on our society enabling the monitoring of the wearers’ health, fitness, and their

surroundings.!'®!

The development of wearable chemical sensors faces multiple
challenges on various fronts such as power, analytical procedure, communication, data
acquisition, processing and security; however several examples of flexible graphene-
based wearable gas and chemical sensors has been recently reviewed'®? and also a
wearable patch for sweat-based diabetes monitoring and feedback therapy has been
reported,'®* which combines a heater, temperature, humidity, glucose and pH sensors, as
well as polymeric microneedles that can be thermally activated to deliver drugs
transcutaneously. The development of ad hoc receptors of metal ions and cationic dyes
makes it possible to exploit the reversible process of adsorption and desorption as an
extremely versatile strategy in a variety of environments. Moreover, by relying on the

reversible nature of non-covalent interactions, the sensor can exhibit a quick response, a

fast recovery rate (i.e. real-time monitoring) and a facile regeneration to enable its use

10
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multiple times. 2DMs are atomically thick and possess two planar surfaces available for
metal ion adsorption, thus featuring extremely high surface-to-volume ratios. In
particular, GO is very interesting for the removal of metal ions due to its unique
hydrophilic nature and the presence of functional groups containing oxygen atoms, which
can efficiently bind the metal ions to form strong surface complexes.!?® 1°7 On the other
hand, TMDs intrinsically possess numerous chalcogen atoms, which can act as a potential
coordination sites for certain heavy metal ions. The adsorption capabilities of 2DMs will
be evaluated through the maximum adsorption capacity (gm«) defined as the ratio
between the maximum loaded mass of analyte expressed in milligrams and the mass of
the absorbent expressed in grams. Among numerous factors affecting the adsorption
capacity, initial concentration of the solution, phase contact time, temperature and pH are
found to play a crucial role in the process of adsorption of metal ions on GO.

Alongside the capacity of pristine 2DMs to detect various analytes, extensive
efforts have been devoted towards the development of 2DMs-based sensors through the
non-covalent functionalization of the 2DMs with both inorganic and organic moieties
which act as spacers/pillars imposing a certain distance between adjacent sheets. This
results in an enhanced porosity of 2DM-based composite which determines a greater
sensitivity for the analyte of choice. Such an approach enables the tailoring of the
properties of 2DM-based sensors, which could preserve many of the unique
characteristics of the individual 2DM sheets and benefit from the presence of (in)organic
moieties. Such moieties, besides acting as separators, can by design incorporate the
receptor of the analyte of choice, endowing highest selectivity in the recognition and
sensing process. In this context, the fabrication of 2DM-based sensors through non-
covalent interactions between individual 2DM sheets is extremely appealing, as it could
result in the structures exhibiting a remarkable enhancement of sensitivity towards
specific analytes.

Graphene-based materials are being considered as the most promising absorbents
for capturing various heavy metal ions.'?%2%0 Remarkably, graphene can be easily
produced in the form of GO, which displays numerous oxygen-rich functional groups
such as carbonyls, epoxides, and hydroxides that act both as reactive sites for further
covalent functionalization, and can interact via dipole-dipole or strong electrostatic

interactions with the metal ions, enhancing the occurrence of adsorption event.

11
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Conventional methods for the quantification of heavy metal ions include plasma
mass spectrometry (ICP-AES), atomic absorption/emission spectroscopy (e.g. FAAS,
UV-VIS), and polarography. To define the concentration of the remaining heavy metal
ions after adsorption we should calculate the difference between the initial (Co; mg L)
and the equilibrium (C.; mg L") concentration. The equilibrium sorption capacity and

time-dependent capacity were determined using Equation 1:

Qe = (b= CxV (Equation 1)
Madsorbent
where: ge - equilibrium amount of heavy metal ions adsorbed per unit mass (m) of
adsorbent (mg/g), V - volume of the metal ion solution.
Among various adsorption isotherm models Freundlich and Langmuir are most
commonly used for estimate the maximum adsorption capacity (gmax) of metal ions on

both 2D and 3D carbon-based adsorbents.’® 197- 199201 GO and chemically modified

graphene oxide (CMGO) are considered as a promising adsorbents for the removal of

heavy metal ions such as Pb2+, 56, 58-60, 64-68, 128, 197, 201-222 Cu2+, 58, 67, 128, 204, 205, 213, 215, 217,

222-232 CI'6+, 165, 204, 221, 233-244 Cd2+, 58, 128, 206, 215, 221 Hg2+, 67,215, 221, 245, 246 Ni2+, 221,247 C02+

| 248 \Mp2t, 58 pd2t, 249 §p2+ 250 Ayt 249 AGSH 251 apd U6+ 252254 Moreover, in order to
increase the adsorption capacity and simplify the separation of the GO from water,
numerous hybrid materials have been investigated and include combination of
GO/CMGO with poly(acrylamide) (PAM),>® 2°2 poly(N-vinylcarbazole) (PVK)®,
hyperbranched polyamine (HPA),* iron oxide (Fe304),°4% polyamidoamine dendrimers
(PAMAMSs)*8, ethylenediamine tetraacetic acid (EDTA),” % chitosan (CS),2%% 205,216, 240,
249 etc. Hybrids of GO with other polymers have also been used to remove organic
contaminants from water.?>> Among numerous factors affecting the adsorption capacity,
initial concentration of the solution, phase contact time, temperature and pH are found to
play a crucial role in the process of adsorption of metal ions on GO. The adsorption
properties of neat GO towards divalent metal ions (copper, zinc, cadmium and lead) were
investigated by Sitko et al.'?® In this seminal work, it was shown that GO prepared via
the oxidation of synthetic graphite flakes using potassium dichromate possesses an
impressive maximum adsorption capacity (gmax) for Cu?>" (223 mg g'), Zn*
(345 mg g!), Cd** (530 mg g'), and Pb*"ions (1120 mg g "). The single and competitive
adsorption of Cu?*, Zn**, Cd** and Pb?" shows that the affinities of GO for these metal

12
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ions follow the order of Pb?>" > Cu?* >> Cd*" > Zn?". Since then, many groups have

investigated the impact of GO functionalization (with chemical groups and inorganic

compounds) on its maximum adsorption capacity. The most relevant results reported so

far have been listed in Table 1.1.

Table 1.1. Maximum adsorption capacities of CMGO composites used in Pb”" removal process.

Adsorbent gmax (mg g) Conditions Ref.
Few layers GO 18502 pH=6,T=333K 197
758? pH=5.5,T=333 203
GO 11192 pH=5T=298K 128
rGO/PAM 1000* pH=6,T=298K 59
PVK-GO 888* pH=7,T=298K 60
HPA-GO 8202 pH=59,T=318K 36
PAM-G 8202 pH=6,T=288K 202
MnFe>04/GO 673% pH=5T=298K o4
GO/Fe3;04 588 pH=5T=303K 65
GO/PAMAMs 568° pH=6,T=283K 38
EDTA/CMGO 508? pH=4.2,T=298K 67
EDTA/GO 4792 pH=6.8, T=298 K o8
461° pH=6,T=318K 204
CS/GO
99° pH=6, T=298 K 718
Fe304/Cysteine 459° pH=6,T=298K 66
CS/GO-SH 447 pH=5,T=293K 0
Polydopamine/GO 365° pHNA, T=298K 206
NH2-Si02/GO 345¢° pH=5,T=313K 207
Mesoporous silica/GO 3332 pH=7.1, T=298K 208
Ag/GO 313° pH=53, T=298K 20
Hydroxyapatite/GO 2788 pH=4.5,T=308K 210
Polysiolxane/GO 256° pH=5,T=313K 21
Phenylenediamine/

o 228 pH=7,T=298K 212
Tryptophan/GO 2228 pH=4,T=293K 213
GO/Polyaniline 2178 pH=5,T=303K 214
CS/FeOOH/GO 1112 pH=55T=313K 216

GO-SH 108* pH=4-10, T=298 K 217
GO-NH: 96* pH=6,T=298K 201

13
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MHCGO 79* pH=55,T=298K 29
CMGO 77* pH=5,T=298K 220
Fe;04-G 28° pH=6,T=293K 21
NH2-Si02/GO 14* pH=55,T=298K 222

List of abbreviations. rGO : reduced graphene oxide, PAM : poly(acrylamide), PVK : Poly(N-
vinylcarbazole), HPA : hyperbranched polyamine, MnFe2O4 : manganese iron oxide, Fe;O4: iron oxide, PAMAM
: polyamidoamine, EDTA : Ethylenediaminetetraacetic acid, CMGO : chemically modified graphene oxide, CS :
chitosan, GO-SH : Sulfydryl-functionalized graphene oxide, NH2-SiO : amino siloxane, FeOOH : iron (I1I) oxide-
hydroxide, GO-NHz: aminosilanized graphene oxide, MHCGO : magnetic carboxymethyl chitosan. Qmax values

were calculated using (a) Langmuir, (b) Freundlich or (c) Redlich Peterson isotherms.

Zhao et al. demonstrated that g« of two- or three-layer thick GO nanosheets
synthesized from flake-graphite through modified Hummers method can be tuned with

197 Interestingly, it has been shown that the adsorption of Pb?" ions on few-

temperature.
layer thick GO nanosheets was independent of the ionic strength, i.e. not affected by
concentrations of background electrolyte (NaClO4) at the pH ranging from 1 to 13. In
particular, gm. of Pb?" ions calculated from the Langmuir model amount to 842, 1150,
and 1850 mg g'! at 293, 313, and 333 K, respectively. Yang et al. proposed a different
approach which relies on the functionalization of rGO with water-soluble
poly(acrylamide) (PAM).> The GO prepared following the Staudenmaier method was
thermally reduced yielding rGO. PAM is a polymer with a large number of acetylamine
groups in its macromolecular chains, which can interact with metal ions via coordination.
In particular, the carboxyl groups at the periphery of rGO sheets were converted to amine
groups by reaction with N-hydroxysuccinimide and 1,3-diaminopropane, and a free-
radical polymerization initiator was anchored to the rGO sheets. The highest adsorption
capacities of rGO/PAM for Pb?>" amounted to 1000 mg g! (298 K), which is comparable
to the neat rGO.

Aqueous solutions containing copper ions have been exploited for technological
applications in the fields of mechanical manufacturing, electroplating, light industry and
architecture. Yet, these solutions may cause serious diseases in the human central nervous

227 According to EPA regulations, copper concentration in drinking water should

system.
not exceed 1300 ng mL'.2'7 Tan et al. prepared a hybrid composite including L-

tryptophan (L-Trp) and GO by nucleophilic substitution reaction in order to increase the

14
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hydrophobicity of GO and to promote the sorption.?! It was found that such chemical
modification of GO increases its sorption capacity from 223 to 588 mg g ! It has been
shown that that high removal efficiencies can be obtained reaching values exceeding 95%
at pH 5 and 4 for Cu®>* and Pb?", respectively. Several examples of chemically modified
GO (CMGO)-based adsorbents rely on the use of chitosan as molecule possessing a high
affinity for heavy metal ions.?04 205 216,240,249 Chjtosan reacts with GO carboxyl groups
of GO and forms amide bonds.?? ?* In particular, chitosan modified GO has been
prepared via covalent modification and electrostatic self-assembly by Li et al. %5 The
introduction of GO-SH sheets as an interlayer can offer extra space into the chitosan
structure and further increase the specific surface area. The results indicated that a new
type of sorbent material, with functional groups such as -OH, -COOH, -SH and -NH; has
a high adsorption capacity of copper ions (425 mg g!, see Table 1.2). Furthermore, the
recyclability of the sorbent has been studied by treating it with HNO3 and EDTA
solutions. The chitosan (CS)/GO-SH revealed a decrease of the adsorption capacity over
three cycles by 23% for Cu?*, 25% for Pb>* and 26% for Cd*" ions. Chitosan/GO hybrid
in the form of nanofibrous composite has been studied by Najafabadi et al.?** The
nanofibrous morphology of the hybrid material has been achieved through the use of
electrospinning process. The maximum Cu?* adsorption capacity was estimated as 423.8
mg g'!. It was shown that the gmax decreased slowly with the increasing cycle number;
such behaviour was attributed to the decrease in availability of active sites of adsorbent
for metal ions. CS/GO-SH nanofibers could be used up to the fifth cycle of regeneration
using HNOs solution by retaining 91.5% of the initial adsorption capacity Cu®" ions

sorption.
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Table 1.2. Maximum adsorption capacities of CMGO composites used in Cu®" removal process.

Adsorbent qmax (mg g7) Conditions Ref.
Trp/GO 588 pH=5,T=293K 213
425° pH=5, T=293K 20
424¢ pH=6,T=318K 204
CS/GO
203" pH=5, T=293K 24
162° pH=55,T=303K 25
547 pH=5,T=293K 72
Polyallylamine/GO 349° pH=6,T=293K 223
EDTA/CMGO 301° pH=5T=298K 67
2042 pH=5T=298K 128
GO
117° pH=53,T=293K 227
GO/CdS 137¢ pH=6,T=298 K 226
GO-EDTA 109? pH=5T=293K 228
GO-NHz 103? pH=6,T=298K 229
100? pH=6,T=298 K 229
GO-SH
422 pH=5-10,T=293 K 27
GO/PAMAMs 69° pH=4.5T=298K 58
SMGO 63? pH=4.7,T=323K 230
Alginate/GO 60? pH=NA,T=293K 231
NH2-Si02/GO 6° pH=5.5,T=293K 222

List of abbreviations. Trp : tryptophan, CS : chitosan, EDTA : Ethylenediaminetetraacetic acid, CMGO :
chemically modified graphene oxide, CdS : cadmium sulfide, GO-NHz : aminosilanized graphene oxide, GO-SH
: Sulfydryl-functionalized graphene oxide PAMAM : polyamidoamine, SMGO : sulfonated magnetic graphene
oxide ,NH-SiO; : amino siloxane. Qmax values were calculated using (a) Langmuir, (b) Freundlich or (c) Redlich

Peterson isotherms.

Numerous organic and inorganic compounds have been used to functionalize GO
and form composites in order to detect and capture other heavy metal ions like Cd**>%
128,206, 215, 221 P2+ 67, 215,245, 246 N[j2+ 221, 247 g2+ 248 2+ 58 P2+ 249 §p2+ 250 A3+ 249 A2+
231 and U3* 232254 efficiently from aqueous solutions. Zhang et al. have demonstrated that
efficient CMGO-based sorbent can be achieved by decorating GO with polyamidoamine
dendrimers (GO/PAMAMSs).>® The adsorption behaviour of GO/PAMAMs for heavy

metal ions in water solution was studied by changing the concentration of heavy metal
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ions, pH values, and temperature. The maximum adsorption capacities of GO/PAMAMs
were found to be 568.18, 253.81, 68.68, and 18.29 mg g"! for Pb>", Cd?**, Cu?*, and Mn?",
respectively. Noteworthy, it was also found that adsorption capacities of the
GO/PAMAMs for the heavy metal ions were highly pH dependent. In particular,
at pH < 3, the hydronium ions of higher concentration compete with M?* to grasp the
adsorption sites. With an increase of pH, the protonation degree of the amino groups was
weakened, and the coordination and chelating ability of PAMAM’s amino groups toward
Pb%*, Cd?*, Cu?" and Mn?" reinforced. Conducting polymers interfaced with carbon and
carbon-based derivatives have displayed enhanced removal of mercury and other toxic
materials from water (Table 1.3). A facile chemical route was reported by Chandra et al.
245 In particular, they showed that polypyrrole (PPy)-rGO composites possess a highly
selective Hg?" removal capacity. rGO sheets cross-linked with polypyrrole exhibited an
increased surface area of 166 m? g!. The uptake of Hg>* by PPy/rGO has been estimated
being as high as 980 mg g*'. Furthermore, PPy/rGO possess an extremely high desorption
capacity of up to 92.3%. Chitosan/GO (CSGO) composites with three different loadings
of GO, i.e. 5, 10 and 15 wt% were prepared for the adsorption of Au** and Pd** by Liu et
al.*® The adsorption capacity of Au*" and Pd** onto CSGO composites revealed high
values at pH 3.0-5.0 for Au*" and pH 3.0-4.0 for Pd**. It was found, that the composite
with 5 wt% of GO had the largest adsorption capacity for Au** and Pd** compared with
the other prepared adsorbents, where the maximum adsorption capacity amounted to
1076.6 mg g! and 216.9 mg g'! for Au*" and Pd*", respectively. Noteworthy, GO-based
composites can also be used in adsorption process of radioactive ions.>32-2* Chen et al.
reported on the amino functionalized magnetic graphene oxide composite (AMGO)
synthesized by a facile, one-step solvothermal method, tailor made for the US* removal

254 It was shown, that the sorption of U®" on AMGO occurs via

from aqueous solutions.
the formation of coordination complexes with the nitrogen- and oxygen-containing
functional groups. It was concluded that the chemical affinity of the U" for the nitrogen
containing functional groups is stronger than that for the oxygen containing functional
groups. Interestingly, the AMGO composite could be recovered from the solution with
the magnetic separation within one minute. The same group has demonstrated that the
adsorption capacity of CMGO towards uranium can be improved by functionalizing GO

with activated carbon felt (ACF) through electrophoretic deposition and subsequent
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thermal annealing.?>?> The gmax of GO-ACF for U® amounted to 298 mg g! at pH 5.5,
being much higher than the one of ACF (173 mg g!), thus suggesting that the carboxyl
functional groups of GO-ACEF play an salient role in the sorption process, yielding a high

efficiency for the removal of U®".

Table 1.3. Maximum adsorption capacities of CMGO composites used in various metal ions

removal process.

Adsorbent Contaminant qmax (mg g™) Conditions Ref.
GO 530* pH=5,T=298K 128
GO/PAMAMs 253° pH=5T=298K 58
Cd(In)
PDA/GO 2107 pH=NA, T=298 K 206
Fes04/G 28° pH=6-7,T=293 K 21
PPy-rGO 980* pH=3,T=293K 245
Ferrite/CS/G 3617 pH=7,T=323K 246
Hg(II)
EDTA-GO 268° pH=4.1,T=298K 67
Fe304-G 23° pH=6-7, T=293 K 21
GO-G 37 pH=6,T=293 K 247
Ni(II)
Fes04-G 22° pH=6-7, T=293K 21
GO-NH: Co(ID) 116° pH=6,T=298K 248
GO/PAMAMs Mn(1I) 18 pH=4,T=298K 58
CS/GO Pd(IT) 216° pH=3,T=323K 249
PAM/GO Sr(II) 1852 pH=28.5,T=303K 250
CS/GO Au(III) 1076* pH=4,T=303K 249
GO-FeOOH As(V) 732 pH=7,T=298K 231
GO/AC 2982 pH=5,T=298K 252
GO-sepiolite U(vIl) 1617 pH=5,T=298K 253
GO-NH: 1412 pH=6,T=298K 254

List of abbreviations. PAMAM : polyamidoamine, PDA: polydopamine, Fe;O4: iron oxide, PPy : polypyrrole,
CS: chitosan, EDTA: Ethylenediaminetetraacetic acid, GO-NH: : aminosilanized graphene oxide, PAM :
poly(acrylamide), FeOOH : iron (III) oxide-hydroxide, AC : activated carbon. Qmax values were calculated using
(2) Langmuir or (b) Freundlich isotherms
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1.1.1. Fluorescence-based metal sensors

Colorimetric sensors for metal ions feature two key elements, i.e. a metal chelating
or binding (coordination) pocket and at least one fluorophore capable of absorbing and/or
emitting light. Fluorescence sensing is based on analyte-induced changes in the
physicochemical properties of fluorophores including fluorescence intensity, lifetime,
and anisotropy, which are related to charge transfer or energy transfer processes. To
function as a sensor, the electronic structure of the sensor must be altered upon metal
binding. Changes in the electronic structure of the sensor can lead to the changes in the
intensity or wavelength of light absorption or emission, while changes in the molecular
structure can modify the distance or alignment between a pair of fluorophores that serve
as a donor—acceptor pair. Graphene oxide has superb fluorescence quenching

237258 For example, a fluorescent quantum dots (QD)—aptamer—GO sensor

capability.
based on the nanometal surface energy transfer (NSET) mechanism was designed by Qian
et al in order to detect Pb?" ions. In particular, photoinduced electron transfer between
graphene quantum dots and GO was employed to achieve the controllable fluorescence
turn-on process. The capability of QD-aptamer-GO nanosensor to detect Pb?>* and other

ions with high sensitivity and good reproducibility was demonstrated on Figure 1.3.
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Figure 1.3. (a) The fluorescence recovery of aptamer-rGQDs/GO system after incubation with various
concentrations of Pb** (0.0, 29.0, 87.0, 145.0, 290.0, 435.0, 580.0, 725.0, 870.0, 1015.0, 1160.0, 1305.0
nM). (b) The linear relationship between the fluorescence intensity and concentration of Pb?". (c)
Fluorescence intensity changes (I-/0/Io) of the sensor in the presence of various metal ions. Reproduced

with permission. '3
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Li et al. demonstrated that the single-stranded DNA (ssDNA) aptamer attached
on GO can specifically bind to the mercury ions, leading to the formation of a hairpin-
shaped double-stranded DNA (dsDNA) structure.'®® The water-dispersible GO sheets,
which are functionalized with ssDNA aptamer, exhibit strong fluorescence emission at
600 nm under the excitation of 488 nm in the absence of Hg?" ions. When Hg?" ions
appear in the aqueous solution, they are being sandwiched between the hairpin-shaped
dsDNA due to the formation of the thymine-Hg?*—thymine complex, which grasps the
Hg?" ions in proximity to the surface of GO. As a result, the fluorescence emission of GO
i1s quenched. Such sensor shows a limit of detection as low as 0.92 nM and excellent
selectivity towards Hg?" over a wide range of metal ions including K*, Ag*, Ca®*, Cd**,
Cu?*, Pb**, Ni**, Co?" and Fe**. Recently, Wen et al. reported a FRET sensor based on a
cytosine rich DNA probe and GO.'®’ In the presence of Ag*, a DNA-Ag* complex was
formed, and the conformation of the probe changed to straight stiff, resulting in desorption
of DNA from the surface of GO and fluorescence recovery (Figure 1.4a). Fluorescence
spectra of cytosine-rich oligonucleotide (SSO) probe upon incubation with a series of
concentrations of Ag" and then mixed with GO is portrayed in Figure 1.4b. This assay is
based on the interaction between the target-induced conformational change of the SSO
fluorogenic probe and graphene oxide quenching effects. The use of a simple mix-and-
detect analysis revealed a high selectivity toward Ag" as determined in the presence of a

ten times higher concentration of 12 different interference metal ions (Figure 1.4c).
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Figure 1.4. Schematic illustration of the fluorescence sensor for Ag* ions based on the target-induced
conformational change of a silver specific cytosine-rich oligonucleotide (SSO) and the interactions
between the fluorogenic SSO probe and graphene oxide. SSO: (a) FAM-labelled silver-specific
oligonucleotide probe. (b) Fluorescence spectra of SSO probe upon incubation with a series of
concentrations of Ag"and then mixed with GO: a 0 M, b 20 nM, ¢ 40 nM, d 60 nM, ¢ 80 nM and f 150
nM. All experiments were carried out in MOPS buffer (10 mM, pH 7.0) containing 50 mM of NaNO; and
10 nM of SSO. Ag" of different concentrations were incubated in this solution for 5 min at 23°C and then
the fluorescence spectra were recorded 2 min after GO (10 mg) were added to this mixture. Aex = 494 nm.
(¢) Selectivity of the analysis of Ag"ions in the presence of different metal ions. The concentration of Ag*

was 100 nM whereas all other interference metal ions were 1 pM. Reproduced with permission. %7
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1.1.2. Field-effect transistor based metal sensor

2DMs nanosheets integrated in FET have recently revealed their enormous
potential for detection of heavy metals. The working principle of 2DM-based FET sensor
is based on the changes of the critical parameters of a FET containing 2DMs nanosheets
upon adsorption of targeted heavy metal ions. This includes primarily the field-effect
mobility, threshold voltage and Ion/Iofr ratio. 2D semiconducting sheets are of particular
interest because their high carrier mobility and very high surface-to-volume ratio, leading
to high sensitivity. Chemical sensors based on FETs can overcome the obstacles of
previous detection methods. For example, aforementioned optical methods have some
limitations such as multiple sensing steps, the need for using chemical agents, a higher
cost, and a longer detection time. In contrast, the use of 2DM-based FET sensors enables
the rapid label-free detection of metal ions in real-time by monitoring the resistance or
the Dirac point shift caused by the adsorption of target analytes. Such devices can be
characterized also by low power consumption and can be miniaturized for the
development of portable sensors, eventually supported on flexible foils. In a typical
graphene field-effect transistor (GFET) based sensor, graphene is used as conducting
material in the channel between drain and source electrodes. Gate potential is applied

through back-gate (typical thin SiO: layer)®®

or top-gate (electric double layer in
electrolyte).?’ The absorption of analyte molecules or change of local environment leads
to the change of graphene electrical conductance. Zhang et al. reported the
functionalization of mechanically exfoliated graphene with a self-assembled monolayer
of 1-octadecanethiol and its application in Hg?" sensing.'® Substituted alkane derivatives
were found to self-assemble into large-scale highly-ordered physisorbed monolayers on
single-layer graphene supported by the SiO» dielectric substrate. According to AFM
imaging, the height of graphene increased to 1.6 nm when exposed to Hg?", indicating
the successful uptake of mercury ions by the thiol groups exposed on the graphene
surface. Such graphene-FET sensor revealed a detection limit for Hg?" as low as 10 ppm.

Alternative approaches based on solution processable rGO, 7% 17! and graphene
functionalization'#? 172-17* are being pursued with the ultimate goal of developing low-
cost, scalable fabrication of graphene-FET sensors. Recently, Sudibya ef al. presented a

FET sensor using micropatterned, metallothionein type II protein (MT II)-functionalized
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rGO films which bind with both physiological (e.g. Cu?**, Zn?>") and xenobiotic
(e.g. Hg*", Cd*") metals ions with high affinity (see schematic illustration in Figure
1.5a).17% A typical plot of drain-to-source current (Igs) versus solution-gate voltage (Vg)
of rGO-FET sensor is displayed in Figure 1.5b. Such a nanoelectronic sensor is capable
of detecting various metal ions in real-time with high sensitivity. The addition of mercury
(Hg?"), at a concentration as low as 1 nM, caused the obvious current increase in the rGO-
FET which was biased at V4= 400 mV and Vg=-0.6 V (Figure 1.5¢). The magnitude of
the device response scales with the Hg?* concentration, and its polarity depends on the
gate voltage (V). The detection limit for Hg?>* was estimated being as low as ~1 nM with
a signal-to-noise ratio of 25-30 (Figure 1.5d). The very same device exhibited also Cd**
detection at 1 nM with a slightly smaller change of current signal-to-noise ratio of 15-20

(Figure 1.5e).
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Figure 1.5. (a) Schematic illustration for fabrication of patterned rGO thin films on APTES-coated
quartz. Inset: AFM image of the obtained rGO micropatterns on APTES-coated quartz. (b) Ambipolar
characteristics of rtGO-FET measured in 0.1 M of phosphate buffer saline (PBS) solution. Inset:
Schematic of solution-gated configuration of rGO-FET. (c) Typical real-time recording of Iss with the
addition of Hg?" ions. (d,e) Change of Issin tGO-FETs (tested sample number n= 6) with the addition of
(d) Hg?" and (¢) Cd** ions at Vas= 0.4 V and V= -0.6 (circle), 0 (square), and +0.6 V(triangle).

Reproduced with permission.'”

For heavy metal ion GFET sensors, biomolecules are frequently used as sensing
nanoprobes due to their high binding affinity to inorganic contaminants.'*? An et. al.,
reported high-performance flexible graphene aptasensor for Hg?" detection.'’? 1,5-

diaminonaphthalene (DAN) and glutaraldehyde (GA) were employed as cross-linking
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agents, while the aptamer (3’-amine-TTC TTT CTT CCC CTT GTT TGT-C10 carboxylic
acid-5") was non-covalently linked onto the graphene surface as a probe for Hg?". The
field-induced responses from the graphene aptasensor had excellent sensing performance:
Hg?" ions with very low concentration of 10 pM could be detected (Figure 1.6a) being 2-
3 orders of magnitude higher than previously reported mercury sensors using
electrochemical devices.?% 2 GFET-sensor was characterized with the experimental
setup presented schematically in Figure 1.6b. The sensor response time was rapid, with
values below 1 s. Noteworthy, the pristine graphene devices showed no significant current
changes upon the exposure to Hg?*. It was concluded, that the origin of current changes
in the sensor relies on the p-doping effect resulting from the thymine-Hg—thymine
complex formed between Hg?* ions and thymine base pairs in the aptamer (Figure 1.6¢).

Additionally, the aptasensor is selective towards Hg>* metal ions (Figure 1.6d).
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Figure 1.6. (a) Real-time responses curve of the aptasensor with various Hg?* concentrations (10 pM to
100 nM). Graphene substrate without aptamer was introduced as a control sample. (b) Schematic diagram
of a liquid-ion gated FET using graphene conjugated with aptamer. (Vg, S and D indicate gating voltage
and source/drain electrodes). (c) Interaction of Hg?* ions with thymine base pairs in the aptamer
immobilized on the surface of the modified graphene layer (d) Selective responses of the aptasensor
toward target metal ion (Hg?", 10 pM) and nontarget metal ions (Cd**, Co*", Ni**, Na*, Pb**, Sr*" and

Zn*", 10 mM). Reproduced with permission. "2

Noteworthy, graphene-based FET sensors can be exploited not only for the detection

heavy metal ions (e.g. Hg?" and Pb%*) but also alkali metal ions in water including K* and

Na*. 173,17
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1.1.3. Electrochemical based metal sensors

Electrochemical sensing of heavy metal ions relies on the use of sensing electrodes
that are employed for passing the current to the aqueous solution and generate electrical
signal which corresponds to the electrochemical reaction within the solution due to
presence of metal ions. Common experimental setups for electrochemical detection of
heavy metal ions consist of an electrolytic cell containing an electrolyte, i.e. solution of
heavy metal ions, in contact with an electrode. The cell potential is measured at the
interface of the electrode with the electrolyte solution. Noteworthy, because heavy metal
1ons have defined redox potential, the selectivity toward specific heavy metal ions can be
achieved by using bare electrodes without the need of a molecular recognition probe.
Numerous techniques are employed in electrochemical sensing, including potentiometry,
voltammetry, impedimetry, amperometry and conductometry. In particular, the anodic
stripping voltammetry (ASV) method is widely explored for detection of heavy metals.
ASV analysis typically involves two steps, i.e. deposition of heavy metals onto the
electrode surface, and stripping or dissolution of the deposited analyte from the electrode
surface. Recent advancements in the field have revealed the potential of 2DMs in
electroanalysis. Several electrochemical sensors based on 2DMs for bioanalysis and
environmental analyses have been developed. In particular, Zhao et al. presented for the
first time that Hg?>" can be selectively identified using a PPy-—rGO nanocomposite-
modified glassy carbon electrode (GCE).!”® Such selectivity was achieved by using
square wave anodic stripping voltammetry (SWASV), which determines a reduction of
adsorbed Hg?" to Hg? at a certain potential. The anodic stripping current was obtained in
a potential range for the identification of Hg?". In addition, excellent sensitivity (0.124
A nM) and limit of detection (LOD) (15 nM) results were achieved. The measured
stripping current toward Hg?" at the PPy modified electrode was found to be 39 times
higher than that towards other ions, indicating that rGO in the nanocomposite plays an
important role in the highly selective detection.

Sahhoo et al. reported a facile in situ approach for the fabrication rGO/bismuth(Bi1)
nanocomposite by employing modified Hummers method without the use of any
surfactants. Bi nanoparticles were uniformly anchored onto the surfaces of individual

graphene nanosheets, which prevent restacking of rGO, resulting in good dispersion in
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solvents. rGO/Bi nanocomposite was used as an electrode material for the stripping
voltammetric determination of heavy metal ions in water. The detection limits of the
proposed electrochemical sensor for Cd?*, Pb?*", Zn>" and Cu?" were found amounting to
2.8, 0.55, 17 and 26 ppb, respectively.!” Wei et al. developed a SnO./rGO-based
electrochemical sensor, which could simultaneously and selectively analyse four heavy
metal ions such as Cd?**, Pb*", Cu?>" and Hg?".'"®® SWASV has been employed for the
detection of heavy metal ions (Figure 1.7a). The SnO>/rGO nanocomposite modified
glass carbon electrode synthesized by a simple wet chemical method showed enhanced

sensing performance compared with single SnO; and single rGO (Figure 1.7b).
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Figure 1.7. (a) Square Wave Anodic Stripping Voltammetry (SWASV) curves for 0.5 uM each of Cd(II),
Pb(1I), Cu(Il), and Hg(II) on bare (violet line), graphene oxide (black line), reduced graphene oxide (red
line), SnO2 nanoparticle (blue line), and SnOz/reduced graphene oxide nanocomposite (pink line)
modified GCE in 0.1 M acetate buffer (pH 5.0). Deposition potential = -1.0 V; deposition time = 120 s;
amplitude = 25 mV; increment potential = 4 mV; frequency = 15 Hz; vs. Ag/AgCl. (b) Cyclic
voltammograms measured with bare, GO, rGO, SnOz nanoparticle, and SnOz/reduced graphene oxide
nanocomposite modified GCE in the solution of 5 mM Fe(CN)e*"* containing 0.1 M KCI. Inset: Nyquist
diagram of electrochemical impedance spectra for bare and SnOaz/reduced graphene oxide nanocomposite
modified GCE in the solution of 5 mM Fe(CN)s** containing 0.1 M KCI. Reproduced with

permission. '8

Li et.al. used Nafion and rGO for anodic stripping voltammetric analysis of cadmium
with detection limit 0.005 ppb. '8! Willemse et al. reported on the determination of Cd*",
Pb%*, Zn** and Cu?" by making use of the platform based on the Nafion-graphene
nanocomposite film.?¢! LODs of 0.07-0.08 ppb have been achieved for the individual
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ions, which are comparable to those determined with ICP-MS, and ascribed to a
combination of enhanced electron conduction of rGO and the cation exchange capacity
of Nafion. Similarly, Chaiyo et al. constructed a Nafion/ionic liquid/graphene
electrochemical sensor for simultaneous determination of zinc, cadmium and lead using
screen-printed carbon (Figure 1.8a).'"®” The functionalized graphene-based
nanocomposite modified electrode showed better detection performance for Zn?*, Cd**
and Pb?" compared to bare electrode by SWASV (Figure 1.8b). The detection limits of
such sensors for Zn?*, Cd** and Pb?** detection amounted to 0.09 ng mL™!, 0.06 ng L-' and

0.08 ng L', respectively.
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Figure 1.8. (a) Schematic drawing of the electrochemical sensor fabrication. (b) Square wave anodic
stripping voltammetry (SWASV) curves of 50 ng mL"! Zn(II), Cd(II) and Pb(Il) in 0.1 M acetate buffer

solution (pH 4.5). Reproduced with permission.'82

Gong et al. reported ultrasensitive Hg?* electrochemical sensor by using monodispersed
Au nanoparticles onto the graphene nanosheet matrix as the enhanced sensing platform.26?
The detection limit was found to be as low as 6 ppt. The interference from other heavy
metal ions such as Cu?*, Cr*", Co?*, Fe’*, Zn?"and I” ions associated with Hg?* analysis
could be effectively inhibited. Another example relies on the use of cysteine-
functionalized GO (sGO) and carbonyldiimidazole as a cross-linker via the formation of
amide and carbamate bonds.The sGO/polypyrrole (PPy) nanocomposite film was grown

on the working electrode surface of a screen-printed electrode (SPE) via controlled one-
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step electrochemical deposition.'®3 The sGO/PPy-SPE was used to detect lead ions in
water by differential pulse voltammetry (DPV). The DPV signals were linear in the ranges
of 1.4-14 000 ppb of Pb?>*. The measurable detection limit of the sensor is 0.07 ppb, being
2 orders of magnitude below the threshold value for drinking water set by the World
Health Organization. The average removal efficiency of Pb?>" deposited on the electrode
amounted to 99.2%, with relative standard deviation (RSD) of 3.8%. The selective
detection of the GO/PPy composites was investigated by mixing GO/PPy with various
metal ions such as Pb?", Na*, Mg?*, Cd**, Cu?*, Hg?" and Ag". The results clearly show
that the GO/PPy composites film can selective detection of Pb?>" and impassive by the
presence of other metal ions. In addition, the developed device can be used multiple times.

In this part of the introduction, we have provided an overview on the recent
advances in the metal ion sensing. Different types of 2DMs employed for specific and
selective recognition of heavy metals have been discussed in this chapter. By taking
advantage of their unique properties 2DMs can be successfully explored to construct a
wide range of optical and electrical sensing platforms for the detection of various heavy
metal ions. Chemical modification of GO has proven to provide promising solution for
improving the sensing performance with high specificity, enhanced sensitivity and low
detection limit. Chemical metal sensors based on 2DMs have demonstrated high
sensitivity detection of a wide variety of heavy metal ions at low concentrations, due to
the maximum sensor surface area per unit volume. Their favourable structural and
compositional synergy allows them to be excellent electrode materials for fabricating
various fluorescent and electrochemical sensing platforms, such as FET-based sensors.
Moreover, electrochemical measurements have shown numerous advantages for trace
heavy-metal detection, including rapid analysis, good selectivity, and sensitivity. Optical
detection systems are other alternatives to the electrochemical detection methods. These
represent attractive analytical tools whenever continuous monitoring and real-time

information is desired.
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1.2. 2DMs based sensing of (bio)molecules

Ultrafast sensing of chemically and biologically active molecules at a low

concentrations is critical in a wide range of research fields and in particular for

263 264, 265

applications, such as chemical analysis*°° and healthcare, monitoring the
environment or diagnostic diseases.?®® Because of their particular physico-chemical
properties, graphene-based materials have been used to fabricate various types of
chemical sensors including electrochemical, 2% 26 267-29 FET,297-301 flyorescent®?2-3% and
surface enhanced Raman spectroscopy-based sensors.?6%310-312 Graphene based materials

have been used to develop various types of sensors to detect molecules such as glucose,'??

267-275, 277, 279, 297, 313—317’ DNA,m’ 280, 282, 299, 301, 303, 304, 307, 309, 318-321 hydrazine,zg-’” 322-325
dopamine’IZZ, 265,276, 284-291, 293, 306, 326, 327 ascorbic aCid)lZZ, 265, 286,293, 328, 329 H202,122’ 295, 330-

332 or other aromatic molecules.?63 305 308, 310, 311. 330 Graphene-based materials offer

various advantages, when compared to other carbon-based nanomaterials like CNTs or
fullerenes. Moreover, the particular strength of graphene, quality of its crystal structure,
as well as its band structure and high conductivity allows the preparation of devices with

extremely low noise levels and relatively low 1/f noise.3%
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1.2.1. (Bio)molecular fluorescence sensors

The use of fluorescence as readout in the detection of chemical species and
biomolecules holds potential for low-cost, effective and highly sensitive device
applications. Graphene/graphene oxide are known to be excellent quenching materials
therefore graphene-based materials became suitable for sensing via influence on
fluorescence properties.’?! One of the approaches bases on FRET and is useful for
quantitative determination of target molecules. Typically, this kind of set up consists of a
donor, an acceptor and a bridge. The acceptor such as GO can effectively quench
fluorescence of the donor. The addition of specific molecules or surface modification may
cause change in the fluorescence intensity and can be utilized as a sensor assuming the
phenomenon is correlated with concentration (Figure 1.9a-b).3%% 3% Dong and co-workers
reported on the FRET from quantum dots (QDs) to GO.3® In particular, the authors
demonstrated that QDs substituted with molecular beacon (MB) as a recognition unit
towards targeted molecule can strongly interact with GO surface, to allow the design of
novel sensitive and selective platforms for fluorescence-quenching detection of DNA. In
general GO’s quenching properties were used to decrease fluorescence intensity in the
presence of QDs — an effective donor supplied with MB that provides efficient energy
transfer to GO (Figure 1.9c¢).
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Figure 1.9. (a) Schematic representation of the upconversion fluorescence resonance energy transfer used
for ATP sensing. Reproduced with permission. 3** (b) Depending on the presence of complementary
DNA emission is observed or completely quenched, detection of specific DNA hybridization.
Reproduced with permission.3? (c) DNA sensing. Molecular beacon decorated QDs quenched by GO
platform, in the presence of complementary DNA emission is significantly enhanced. Reproduced with

permission 3%
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Fluorescent graphene quantum dots (GQDs) were also applied for detection of aromatic
nitro compounds (e.g. TNT) working as a quenchers in a wide range sustaining linear
correlation.?®> Another DNA sensor using FRET between upconversion nanoparticles and
GO was reported by Alonso-Cristobal et al.3%? Correlation between concentration of
ssDNA (Figure 1.10a-b) and luminescence intensity was presented. Effective detection

limit was experimentally shown to be in the picomolar range.
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Figure 1.10. Up-conversion fluorescence spectra of the UCNPsSi02-ssDNA nanoparticles (0.4 mg mL™)
a) in the presence of different concentrations of GO, and b) in the presence of different concentrations of

complementary ssDNA and 0.3 mg mL™! of GO. Reproduced with permission.>?

GO-based platform for DNA and proteins sensing reported by Lu and co-workers
includes ssDNA supplied with fluorescent organic dye that strongly adsorbs on GO’s
surface simultaneously entailing high quenching efficiency.’®” The addition of
complementary ssDNA sequence causes efficient fluorescence increase and may be used
to determine desired nucleotide sequences. Experiments also proved the dependence on
different proteins concentrations. The results revealed that the presence of human

thrombin might be determined without the interference of other proteins.
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1.2.2. Field-effect transistors for (bio)molecular sensors

Due to their high selectivity, fast response and excellent limit of detection,
graphene-based FET-based sensors became very popular for label-free ultrasensitive
biomolecule sensing. By and large, graphene-based materials are used as conducting
component in the channel between drain and source electrodes, and subsequently gate
potential is applied.?’® Two different approaches are being pursued for construction of
FET sensors, i.e., back gating (usually Si/SiO> thin layer)?*”> 2°® or top gating (electric
double layer in electrolyte)®’ 37 also known as solution gated graphene transistors
(SGGTs). Both methods have been schematically presented in Figure 1.11. In general,
charged molecules can induce an effective gating field, which influences the conductance
of the channel by balancing the charge transfer and gating effect. The change in current

as measured allows the analyte determination.
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Figure 1.11. Schematic representation: (a) Graphene top gate FET sensor. Reproduced with

permission.?*® (b) Graphene oxide back-gate FET sensor. Reproduced with permission.*%!

Huang and co-workers presented CVD-grown graphene FET sensor
functionalized with specific redox mediators for glucose and glutamate detection.?®’
Glucose sensing is usually based on an enzymatic reaction catalysed by glucose oxidase.
Since the products of oxidation process are H,O» and gluconic acid, direct measurement
of H2O» is useful for glucose detection. The detection limits were found being at 0.1 mM
and 5 uM for glucose and glutamate, respectively. Another CVD-grown glucose sensor
was assembled by Kwak er al.?*® Solution-gated field-effect transistor (SGFET) was
constructed utilizing graphene channel modulated by the gate potential applied from the

top gate electrode and transmitted through the solution. Such SGFET sensor was
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exploited to detect glucose in the range of 3.3-10.9 mM. Moreover, it provided high
resolution and continuous real-time monitoring. To reach the largest sensing response,
graphene transistors are operated at the point of maximum transconductance, which leads
to large noise that influences the device sensitivity. To avoid such phenomenon Fu and
co-workers exploited the sensing properties of single layered graphene near its neutrality
point.?® This approach led to a significant decrease of signal-to-noise ratio, thereby
making it possible to observe positive signals coming from single stranded DNA (ssDNA)
at level of picomolar concentrations (pM). Moreover, to target specific hybridization
corresponding with HIV-virus related ssDNA, functionalization of GFET surface with
pyrene-linked peptide nucleic acid (pPNA) was performed. Noteworthy, the 1/f noise in
graphene based FET sensors was found to vary with the number of graphene layers,
therefore subsequent optimization of this class of sensors is anticipated.’®® Another
approach in which hydrazine-reduced GO was used to fabricate FET sensor on SiO»/Si
substrate was proposed by Cai et al.’”’ DNA sensor was prepared by drop-casting rGO
suspension onto sensing channel as the conducting material. 1-Pyrenebutanoic acid
succinimidyl ester (PASE) used as molecular linker was fixed on the graphene surface
via m-n stacking interactions and peptide nucleic acid (PNA) molecules were covalently
anchored. Subsequently, a complementary DNA was applied onto device and specific
hybridization caused the shift of I4-Vg curves and allowed the measurement. The

detection limit was estimated being as low as 100 fM.
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1.2.3. Electrochemical (bio)molecular sensors

Electrochemical sensing is an effective and powerful technique used for
qualitative and quantitative determination of bioactive and functional molecules.?” 317
327 Numerous advantages including low limit of detection, high selectivity and detection
in the presence of interferences made graphene-based materials appealing for fabrication
of electrochemical sensors. Because of these reasons, electrochemical sensors belong to
the most widespread graphene-based sensors in recent years. The most common approach

relies on the use of electrodes based on graphene®* 32

or modified graphene-based
nanostructures.?*® 326 330 Fast electron transfer and effective electrocatalytic activity of
graphene allows the effective detection of target molecules while oxidation.?*3 Among its
numerous physico-chemical properties, graphene has wide electrochemical potential
window (ca. 2.5 V in phosphate buffer)'?? and is characterized by lower charge transfer
resistance (comparing with glass electrode)!??> and well characterized redox potentials

against most common redox couples.?3*

Keeley et al. developed an electrochemical
sensor based on graphene exfoliated in DMF for ascorbic acid (AA) detection.’*® The
electrode was prepared by drop-casting centrifuged graphene supernatant solution onto
pyrolysed photoresist film. Cyclic voltammetry investigation revealed wide range of
linearity and limit detection up to 0.12 mM. Another effective electrode was prepared by
mixing platinum nanoparticle and graphene nanosheet.**° Such hybrid system displayed
the capacity to detect traces of trinitrotoluene (TNT), a typical explosive compound, with
detection limits as low as 0.3 ppm and satisfactory reproducibility. Luo et al. presented
electrochemical glucose sensor based on Cu decorated graphene sheets.”’®> As prepared
electrode exhibited a low detection limit of 0.5 pM and very fast response (<2s) and its
response linearity up to 4.5 mM. Additionally, a synergistic effect of copper and graphene
toward glucose oxidation was observed.

As aforementioned, the majority of graphene-based sensors rely on the chemical
modification of GO, which exhibits numerous oxygen-rich functional groups that can
interact via dipole-dipole or strong electrostatic interactions with (charged) molecules,
and can be covalently functionalized with functional molecules, enhancing the occurrence
of adsorption events. In particular, covalent grafting of organic molecules on GO offers

the flexibility for various functionalizations to enhance the sensor performance.
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Moreover, the combination of its abundant structural defects and chemical groups
facilitates the charge transfer and thus ensure high electrochemical activity. Noteworthy,
the chemical and electrical properties of rGO are highly tuneable and can be engineered
through control of the reduction process. Zhou et al. exploited a chemically reduced GO
modified glassy carbon electrode (CR-GO/GC) for electrochemical sensing of free purine
and pyrimidine acids and several other biologically active molecules.'?? It was
demonstrated that CR-GO/GC electrode provides greater electrocatalytic activity to
guanine (G), adenine (A), thymine (T) and cytosine (C) oxidation than commonly used
glassy carbon (GC) and graphite/glassy carbon graphite/GC electrodes (Figure 1.12).
Moreover, the analytical performance of glucose, ethanol, dopamine and other biological
molecules detection was enhanced e.g. compared with graphite/GC and GC electrodes
the CR-GO/GC electrode. In particular, while amperometric measurement of reduced
nicotinamide adenine dinucleotide (NADH) exhibited faster response time, wider linear
range (40-800 uM), lower detection limit (10.00 uM) and higher sensitivity (2.68 pA
mM! cm?). Gao and co-workers carried out the chemical reduction of GO obtaining
hydroxyapatite/rGO composite used as effective electrochemical sensor of hydrazine.>**
The composite dispersed in 1% acetic acid was applied on GCE and dried resulting in
high-performance electrode with outstanding performance of electrocatalytic oxidation
of N2H4. The as-prepared electrode exhibited synergic effect of components during
detection of hydrazine, being greater than the electrodes fabricated with rGO and
hydroxyapatite separately. Wang and co-workers devised a facile approach relying on the
efficient preparation of nitrogen-doped graphene via nitrogen plasma treatment of
chemically synthesized graphene, which exhibits excellent electrocatalytic activity

toward hydrogen peroxide reduction.?¢’

Detection of H>O; as one of the products of
catalytic glucose oxidation can be applied for selective and sensitive glucose
determination during enzymatic processes. Noteworthy, N-doped graphene electrode
exhibited high concentration-dependent response and was able to detect up to 0.01 mM
of glucose in the presence of interferences. N-doped electrodes can also find their use in
detection of important biomolecules such as ascorbic acid (AA), dopamine (DA) and uric
acid (UA).?%° Efficient oxidation and large peak separation provides simultaneous

determination of those three biomolecules with detection limits up to 2.2-1076, 2.5-1077

and 4.5:10® M for AA, DA and UA, respectively. Furthermore, differential pulse
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voltammetry (DPV) experiment revealed that electrochemical response of target

biomolecules increases linearly with increase of molecules concentrations.
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Figure 1.12. Differential pulse voltammograms (DPVs) of guanine (blue), adenine (orange), thymine
(violet), and cytosine (magenta) at a) GC electrode, b) graphite/GC electrode, and ¢) CR-GO/GC

electrode, Reproduced with permission. 122
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1.2.4. (Bio)molecular sensing via surface enhanced raman scattering

Surface enhanced Raman scattering (SERS) represents a most powerful analytical
technique for sensitive chemical sensing, which became an attractive solution for
detection of aromatic compounds. Typically, weak Raman signals are intensified through
enhancement of the local electromagnetic field, occurring with the charge transfer
between adsorbed molecules and metal surface. Consequently, to observe SERS signal,
molecules must be adsorbed or be placed close to a metal surface. The most common
approach bases on modification of graphene-based material surface with metallic
nanoparticles (NPs).293 3! Optimum size, shape, charge and surface chemistry of NPs are
being taken into account to project non-toxic and effective sensors.'>*

Lu et al. proposed the use of Ag and AuNP-decorated single-layer rGO film
anchored on Si surface to detect popular organic dyes rhodamine 6G (R6G), methyl violet
(MV), thodamine B (RB) and methylene blue (MB) at nanomolar concentrations.?%* Such
molecules easily adsorb on rGO surface while Ag and Au nanoparticles provide dramatic
enhancement in the Raman intensities coming from the sample. Moreover, a correlation
between NPs size and observed signals have been monitored, and it could be controlled
through the reaction time. Another modification with AgNPs for ultrasensitive detection
of aromatic molecules was demonstrated by Liu and co-workers.’!® Additional
enhancement of the Raman signals was ensured by GO treated with
3-mercaptopropyltrimethoxysilane (MPTMS), further functionalized with Ag-NPs. An
effective detection of differently charged molecules was successfully characterized and
presented. In particular, experiments with PPhs used as target molecule exhibited limit of
detection as low as 10 M. Graphene grown on copper foil and AgNPs anchored on Si
substrate can also be used to prepare SERS active substrate for detection of TNT by
alkaline hydrolysis.>!! High pH values provide efficient hydrolysis of TNT and enhance
intensity in Raman spectra signals. Extremely high limit of detection (up to 6.6-1071° M)
and excellent anti-interference ability confirms perspective potential of SERS sensors.
Shanta and Cheng prepared hydrazine reduced GO combined with silver nanoprisms and
utilized such hybrid system for trace detection of tetrachlorobiphenyls (PCBs).3!? As
prepared chip successfully allowed for multiplex measurement of several

environmentally important aromatic compounds. Proposed SERS sensor provided low
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:

limit of detection (up to 100 nM) and simultaneous analysis of multiple isomers.Values
such as limit of detection and linearity range for detection of vary biomolecules have been

summarized in Table 1.4.

Table 1.4. Comparison of sensing properties of different graphene-based sensors.

. Limit of Linearity
Material Type of sensor Analyte detection Range Ref.
DMF-exfoliated AA 0.12mM | 04-60mM |
graphene
H202 80 nM 1-500 uM
Pt-NPs- h 330
t-NPs-graphene TNT 0.3 ppm 0.5-40 ppm
Cu-NPs-graphene glucose 0.5 uM 0-4.5 mM 273
.05-1
o H0; 005 | ° Oi M5 L
electrochemical NADH 10 uM
H 40-800 uM
. 2.5 uM - 14
Hydroxyapatite-rGO NH:NH2 0.43 uM 116 mM
N-doped graphene glucose 0.0lmM | 0.1-1.1mM | 2¢7
AA 22 1M | 5.0-1300 uM
N-doped graphene DA 025uM | 0.5-170 uM | 2%
UA 45x10° M| 0.1-20 uM
glucose 0.1 mM - 207
CVD-grown graphene glutamate 5 uM 5-1200 uyM
CVD-grown graphene FET glucose - 3.3-109mM | 8
CVD-grown graphene DNA 2 pm - 29
rGO DNA 100 fM 10 fM-1 nM 301
QDs-GO DNA 12 nM 50-1500 nM 303
4.95x104-
Graphene QDs fluorescent TNT 22 uM 1.82x10~ 305
lo/L
NPs-GO DNA 5 pm - 302
R6G
MV
Au/Ag-NPs-rGO . nm - 263
MB
SERS 5107 310
AgNPs-GO PPhs 1 nM LX10° M
AgNPs-graphene TNT 0.66 nM 1-100 nM 3
0-1000 nM
R6G 100 pM
rGO-NP 100uM- | 3°
PCB 100 nM 100 nM

List of abbreviations. DMF : dimethylformamide, AA : ascorbic acid, NPs : nanoparticles, TNT : 2,4,6-
trinitrotoluene, NADH : B-nicotinamide adenine dinucleotide, NH2NH: : hydrazine, DA : dopamine, UA :
uric acid, QDs : quantum dots, SERS : Surface Enhanced Raman Scattering, R6G : rhodamine 6G, MV :
methyl violet, RB : rhodamine B, MB : methylene blue, PPhs : triphenylphosphine.
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In this section we have discussed 2DMs and 2DM-based composites for the
sensing of (bio)molecular species. A range of unique physico-chemical properties offered
by 2DMs allows fabrication of various types of chemical sensors including fluorescent,
electrochemical, FET and SERS. Recent literature includes investigations of most
important biological molecules with particular attention to molecules relevant in medical
sciences. Among various advantages of 2DMs based sensors the extremely low limit of
detections (reaching the picomolar level), ultrafast detection (<1s) and wide linearity of
response signals should be emphasized. Moreover, most of 2DMs based sensors exhibit
high selectivity and allow determination of multiple target molecules even in the presence
of common interferences. Possibility of further modifications of 2DMs allows achieving
multicomponent systems offering better performances in effective determination of target
analytes. Noteworthy, the spectrum of molecules detectable with presented sensors is
quite narrow. Also, there are a few issues that should be considered while development
of new sensing materials such as stability, reusability and biocompatibility.
Electrochemical sensing seems to be one of most widespread approach applied in

chemical sensing, which affirms superior electrical properties of graphene and TMD's.
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1.3. Aim and organization of the thesis

In the modern scientific world, many groups carry out intensive research in the
field of potential applications of 2DMs. The dissemination of this topic led to the study
of this area of material chemistry within the framework of presented doctoral dissertation,
with particular emphasis on adsorption and electrical properties. The main goal of
research in this doctoral dissertation concerns of achieving high-quality functionalized
two-dimensional materials based on graphene and graphene oxide with particular
emphasis on adsorption and energy storage properties. Novel high-performance adsorbent
(BPEI-GO) prepared via covalent modification of graphene oxide have been developed,
which was characterized by high stability, high specific surface area and high affinity
towards various chemical substances. On the other hand, newly obtained compounds
based on modified silica and GO (SiO2NH>-GO) was investigated with their adsorption
properties of selected cationic dyes. By providing insight into the comprehensive physical
and chemical characterizations of functionalized 2DMs, this dissertation aims to achieve
in-depth understanding of the fundamental properties of prepared hybrid materials in
perspective of their future potential applications in chemical sensors and electronics.
Thanks to that, we developed different functionalized 2DMs using top-down approach in
order to explore the adsorption properties and to reach profound comprehension of the
relationship between their structure and properties. In particular, this thesis intends to
explore the use of top-down methods to modify 2DMs in order to achieve a control over
their properties that is necessary for the integration of these materials in multifunctional
devices. This thesis has been divided in the following parts:

Chapter 2 will introduce the analytic techniques applied in this dissertation for the
morphological (high-resolution transmission electron microscopy (HR-TEM)) and
qualitative (RAMAN spectroscopy, X-ray photoelectron spectroscopy (XPS))
characterizations of the produced hybrid materials. Multiscale characterization of
modified 2DMs was performed by analytical and spectroscopic methods to confirm
e.g. purity and structure. Additionally, newly obtained compounds based on modified
graphene oxide was investigated and their adsorption properties with respect to selected
pollutant using flame atomic adsorption spectrometry (FAAS) in order to heavy metal

ions adsorption and/or UV-vis spectroscopy in context of cationic dyes adsorption.
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Together with the fundamental principles of the technique, each chapter highlight the
main achievements in the characterization of graphene-based materials.

Both chapters (1 and 2) are followed by three main experimental sections which
are similarly organized. They contain an introduction part to the project, then a part of
materials and methods where the details focused on characterization and specimen
preparation are presented. After that, we described a part that includes the results of the
research and finally, we summarized of the project at the end of the chapter.

Chapter 3 is the first experimental chapter which deals with the bottom-up method
to develop of novel high-performance adsorbents prepared via covalent modification of
GO using organic polymer with anchoring amine moiety. Polymer, which were
characterized by high stability, high specific surface area and high affinity towards
various chemical substances. This chapter explores one of the possible applications
functionalized 2DMs in the field of chemical adsorption and show that BPEI-GO offers
great potential as selective adsorbent for heavy metal ions.

Chapter 4 focuses on similar synthetic methodology as previously presented and
describes the possible application of functionalized GO using aminosilica molecules in
the field of adsorption cationic dyes from aqueous solution. This work show that
SiO2NH>-GO hybrid material can be successfully used as very fast and efficient adsorbent
in real life application.

Chapter 5 exploits the electrical properties of modified electrochemical
exfoliation graphene (EEG) with Mo132-DTAB subunits by non-covalent interactions in
the context of potential application as supercapacitors. The hybrid material was generated
through relatively simple approach which relies on the use of surfactant (DTAB) to form
the surfactant encapsulated cluster based on a functionalized Keplerate type-
polyoxometalate Mo132-DTAB, which can physisorb on the electrochemically exfoliated
graphene. The produced composite has been characterized in detail, demonstrating that
innovative porous three-dimensional systems of Moi32-DTAB-EEG synergically
combine with each other a large POM redox potential and high graphene electrical
conductivity material allows to exhibit significantly higher specific, volumetric and
surface capacitance parameters.

In the final chapter 6, conclusion will be drawn of the main experimental results

of this thesis. The dissertation ends suggestion concerning future studies, discussing the
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opportunities and challenges, which must be overcome for the introduction of 2DMs in
water purification treatment process. It was proved that appropriate design and
functionalization of 2DMs based on graphene and GO would allow one to obtain novel,
high-performance architectures with pre-designed electrical properties in terms of energy
storage applications and adsorption properties with particular emphasis on sorption of

cationic dyes and heavy metal ions from aqueous solution
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Chapter 2.

Characterization techniques

This chapter will cover the different characterization techniques used in this work
to structurally characterize graphene- and graphene oxide- based hybrid materials.
Samples were characterized using e.g. Raman spectroscopy, HR-TEM and XPS analytic
methods. Each technique will be presented through some theoretical background and the

relevant results from the investigation of the 2DMs and functionalized 2DMs.
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2.1. Morphological characterization

This section will describe the fundamentals of High-resolution transmission
electron microscopy (HR-TEM) imaging, in the framework of a collaboration with
Dr. Vittorio Morandi at the Institute for Microelectronics and Microsystems in Bologna
(IMM). Samples for HR-TEM analysis were performed using drop-casting method on a
carbon-coated copper grid, followed by solvent evaporation. HR-TEM images were
obtain on a FEI Tecnai F20 TEM equipped with a Schottky emitter and operated at 120-
200 keV.

2.1.1. High-resolution transmission electron microscopy (HR-TEM)

The HR-TEM is a powerful technique used in the field of 2DMs materials for
analyze the quality, shape, density, thickness and size (see chapter 5). In HR-TEM, a
sample in the form of a thin foil is exposed to a high-energy (typically 60-300 keV)
electron beam which are accelerated to nearly the speed of light, and the interactions
between the electrons and atoms can be used to observe specific features. If the sample is
ultra-thin in according to the average free path of the electron in the system, the electrons
mostly pass through the sample without any change of energy. The other electrons lose
their energy, which is transformed into different forms, like Auger electrons, X-rays, etc.
In HR-TEM the beam of electrons from the electron gun is concentrated into a small,
coherent beam using of the condenser lens. This beam is limited by the condenser
instrument, excluding high angle electrons. The beam then impacts the sample and parts
of it are transmitted depending upon the electron transparency and thickness of the
sample. Sample holders are fitted so that the specimen can be tilted to obtain a particular
diffraction condition. Thanks to that, there is possibility to analyze 3-dimensional crystals
by combine several views, taken from different angles, into a 3D map. This technique is
referred electron crystallography. In the other case, blocking the electrons reflected by
putting the aperture allows the unscattered electrons to go through it, and using these to
obtain a contrast image is referred to as light field. The reflected electrons can also be

used to create an image, called a dark field image. Next, the image is zoomed and focused
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onto an imaging device, like a layer of photographic film, a fluorescent screen, or a sensor
such as a scintillator (Figure 2.1). Crystallographic information like dislocations and grain
boundaries can also be obtained from diffraction patterns. Some of HR-TEM are equipped
with an X-ray emitter (Energy Dispersive Spectroscopy — EDS), which can also collect

elemental and chemical state maps.

First condenser lens

Second condenser lens

] Condenser aperture

First condenser lens
Sample

Objective lens

Select area aperture

First intermediate lens

Second intermediate lens

Projector lens

| Screen

Figure 2.1. Basic components of HR-TEM. Reproduced with permission.!

HR-TEM allow imaging the samples at a significantly higher resolution than optical
microscopes, due to the smaller de Broglie wavelength of electrons. For this reason, the
HR-TEM can provide the images at atomic scale level. The wavelength of the electrons

(1) depends on the acceleration voltage (eV) according to the Equation 2:
A=h/(2meV)"? (Equation 2)
where: m - mass of the electron, % - Plank’s constant.
The contrast of a HR-TEM image arises from the interference in the image plane

of the electron wave with itself. There are two important mechanism which produce

image contrast in the electron microscope:
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- Diffraction contrast: diffracted electrons leaving at the lower surface of the
crystalline specimen are intercepted by the objective aperture and prevented to contribute
to the image. The image contrast is produced by changes in absorption coefficient from
one to another region of the specimen. At medium and low resolution, the contrast in the
image would arise from amplitude reduction in region of large scattering where the
scattered rays are intercepted by the objective aperture.

- Phase contrast: some of the diffracted beams leaving the specimen are
recombined to form the image so that the phase difference in the image. Phase contrast
arises from the interference between waves included within the objective aperture and
whose plane should be controlled by an accurate focusing to produce a contrast.
Diffraction contrast is the dominant mechanism revealing object details larger than 1.5
nm in crystalline specimens. Phase contrast is the dominant mechanism for an object
detail smaller than 1 nm and is important in high-resolution studies, in early stages of
short-range order and amorphous materials. Phase contrast is the basic mechanism
describing image formation in high resolution electron microscopy.

Recently, Kupta et al. used electron irradiation (HR-TEM) to prove a plausible
interaction pathways between reduced graphene oxide (RGO) and cationic dyes
(malachite green) which are deduced from nanostructural features (Figure 2.2).2 The
heterogenous and folded features are clearly observed in the GO nanosheets (Figure 2.2a)
and are related to the presence of sp* hybridized carbon atoms functionalized with oxygen
and structural defects. On the other hand, Figure 2.2b shows rGO nanosheets aggregated
with each other owing to intermolecular interaction which provide multilayer appearance
to the rGO. Additionally, HR-TEM images (Figure 2.2¢) show lamellar structure of rGO
with interlayer spacing of ~0.34 nm in the (002) plane.
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Figure 2.2. HR-TEM images of a) GO and b-c) rGO. The atomic thick lamellae in (002) plane are

explicitly seen in the inset of image of rGO (c). Reproduced with permission.>

Similar to GO, rGO is structurally inhomogeneous material and exhibits holes, graphitic
domain and structural defects. The disorder sites are likely from presence of residual
oxygen functionalities which maintain even after the reduction. Figure 2.3 shows high-
resolution TEM images of rGO consisting of holes with size of 4-6 nm encircled by
brown color. There are several defect sites thoroughly distributed in the rGO skeleton and

are indicated by white arrows (Figure 2.3a-b).

Figure 2.3. a-b) HRTEM images of RGO demonstrating the holes area (red encircled color) and defect

sites (white arrows). Reproduced with permission.>

Another interesting application involving HR-TEM was presented by Zhan and co-
workers.> They demonstrate an experimental analysis of highly efficient removal of
pathogenic bacteria with magnetic graphene composite (G-Fe3Os4). Based on the

HR-TEM results, they observed single-sheet structure of graphene oxide and the
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monodisperse of iron oxide (Fe;Os) nanoparticles on the surface of graphene
(Figure 2.4a). As illustrated in the typical HRTEM image of G-Fe;O4 (Figure 2.4b), lattice
fringes of Fe304 (d = 0.29 nm) can be found clearly, demonstrating that FesO4 sample is
highly crystalline. Furthermore, the electron diffraction patterns of G-Fe3Os (inset of
Figure 2.4b) can be indexed to the highly crystalline reflections of cubic inverse spinel

Fe304 structure, which is in accordance with the below result of XRD.

Figure 2.4. a) TEM and b) HR-TEM image of G-Fe3O4 nanocomposite. Reproduced with permission.?

One of the fundamental limits related to the resolution are wavelength (A) of the electrons
used to generate the image as well as the quality of the objective lens. This type of limit
is also called the point resolution limit and it can be estimated using the formula ~ CV\%4,
where C is the coefficient of spherical aberration and is the main factor that decides lens
quality. To resolve abovementioned issue, the applying of higher acceleration voltages,
which decreasing the electron wavelength is needed. Furthermore, this approach includes
the exploit of high-tech and expensive tools with acceleration voltages in the range of
1200 kV and the resolution higher than 1 A. Besides morphological characterization, HR-
TEM can give elemental analysis of the sample. It is possible indirectly due to the
additional energy dispersive X-ray (EDX) detector, which accumulate necessary
information coming from inelastically scattered electrons.

In this dissertation HR-TEM was used for the characterization of graphene-based
nanocomposite (Mo132-DTAB-EEG) produced by relatively simple approach which relies
on the use of surfactant (DTAB) to form the surfactant encapsulated cluster based on a

functionalized Keplerate type-polyoxometalate Mo13>-DTAB, which can physisorb on
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the EEG (chapter 5). HR-TEM analysis proved that the surface of the electrochemically
exfoliated graphene sheets is covered with 3D features of Mo132-DTAB substrate. EDX
measurements were performed as an additional analysis to determine the structure of both
GO-BPEI, SiOoNH>-GO as well as Moi32-DTAB-EEG  hybrid  materials
(chapters 3,4 and 5).
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2.2. Qualitative characterization

2.2.1. Raman spectroscopy

Raman spectroscopy makes use of Raman scattering or inelastic scattering of
monochromatic laser light, and it is used to study the rotational, vibrational, and other
modes of a graphene and related materials. In addition, this technique can provide
information about the effects of doping, temperature and strain.* Furthermore, the
favorable advantage of Raman technique is fast and non-destructive analysis, although its
interpretation is quite often not so simple. This technique is usually used to analyze of
molecules but since 2006, when for the first time it was used the Raman characterization
of graphene from Ferrari ef al, it has been widely employed to assess the quality and
structural integrity of the exfoliated 2DMs, as well as the number of layers of the
nanosheets. Raman spectroscopy is a technique based on interaction between the phonons
and the laser light affect on a shift in energy, which gives information about the modes of
quasiparticles in the system. Each peak in a Raman spectrum corresponds to the
vibrational frequency of a bond of the analyzed sample. Usually, a laser beam is used to
lighting the sample. The electromagnetic radiation from the laser hit spot is collected with
a lens and passed through a collimator. The molecule will become excited to an excited
state from a ground state and is relaxed into a vibrational excited state. This creates the
stokes Raman scattering. Suppose the molecule was already in the vibrational state, then
it is called antistokes Raman scattering. A change in polarizability is required for the
molecule to exhibit Raman scattering. The intensity of the Raman scattering depends on
the change in polarizability, whereas the Raman shift is based on the vibrational level
involved. Advanced version of Raman spectroscopy includes stimulated Raman
spectroscopy; surface enhanced Raman spectroscopy, and resonance Raman
spectroscopy.

Raman spectroscopy is a type of very responsive analysis method, even to slight
differences in structure. Thanks to that, it is also possible to distinguish the different
allotropes of carbon, e.g. graphite, diamond, and graphene, which vary only in the

orientation of the carbon-carbon bonds. While the diamond is characterized by only one
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peak amounts to 1332 cm™!, graphene and graphite Raman spectra reveal two main peaks
at 1580 cm™! and 2680 cm! which are generally labeled as G and 2D peaks, respectively.
G peak is correlated with the relative motions of sp? carbon atoms, thus is a characteristic
peak of material with graphitic structure (for that reason it takes this name) like graphene
and graphite. The G mode of graphite possess E»; symmetry and consist in-plane bond-
stretching vibration of pairs of sp? carbon atoms.’ In turn, D peak (defect band) is
associated to the presence of defects in the system. In reality, this peak responds to a mode
of the sp? carbon rings which symmetry is forbidden for Raman selection rules in pristine
graphite and graphene, whereas only becomes active in the presence of disorder
(Figure 2.5).
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Figure 2.5. Graphene motion in the G and D modes. a) E2g G mode of sp? rings, b) Ajz D

breathing mode in rings. Reproduced with permission.’

Defect band appear only when the sp? conjugation is interrupted by vacancies and
interstitial defects. Finally, the 2D band is the second order of the D band. Nevertheless,
it originates from a vibrational process which consists two phonons and it doesn’t require
to be activated as the D band. Hence, it is also present without the D band. In turn, the G
peak can provide an information on the thickness of the material as its position changes
from bulk to mono and bilayers.® Nevertheless, the other factors, such as doping or strain,
can have impact on position of the peak. In pristine graphene and graphite Raman spectra
present weak D band signal, as presented on Figure 2.6. Whereas the D band in graphite
comprise of two peaks, called D1 and D> (up chart), D peak in pristine graphene is a single

sharp peak (bottom chart).
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Figure 2.6. D peaks at the single layer graphene (bottom) and edge of graphite (up). Reproduced

While D band is intense, it means that there are many defects in the structure of material.
That’s why, the ratio between the intensities of Ip and I can be exploited to estimate the
level of disorder in graphene sheets. The Ip/Ig ratio presents two different relation in
function of the amount of disorder. In the range of low defect density, Ip/lG ratio increases
with the defects because a higher density of defects produces a more elastic scattering.
Nevertheless, when Ip/Ig ratio reaches appropriate value, that correspond to the beginning

of the regime of high defect density, this ratio will begin to decrease as shown on Figure

2.7.

Figure 2.7. Transition between the two regimes of low and high defect density and relation
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Similarly, to the case of graphene, Raman spectroscopy can be used as fast an non-
destructive method for graphene-based materials. In the work, Kumar et al. used Raman
spectroscopy to characterized hybrids of single-layer graphene oxide with manganese
ferrite magnetic nanoparticles as an adsorbent for efficient removal of Pb?", As’*, and
As>* from contaminated water.” As shown on Figure 2.8 Raman spectrum of GO shows
two clear peaks at 1590 and 1342 cm™! related to first- order E»; mode from sp? carbon
domains (G - band) and disorder mode (D - defect band), respectively (Figure 2.8.
spectrum a). In turn, Raman spectrum of the MnFe>O4 nanoparticles (Figure 2.8. spectrum
b) shows a peak at ~600 cm—1, which can be attributed to Fe—O bond stretching. Finally,
Raman spectrum of the GONH (Figure 2.8. spectrum c) shows the Raman lines of NPs
as well as that of GO which confirms the formation of GONH hybrid materials.

600cm’” 1590cm”
1342cm

Intensity (a.u.)

" 1000 2000 3000 4000
Raman Wavenumber (cm)

Figure 2.8. Raman spectra of a) GO b) MnFe2>0O4 nanoparticles and ¢c) GONH. Reproduced with

permission.’

Based on these and other studies, Raman spectroscopy can be used to determine the
content of defects in graphene. Thus, in this dissertation Raman spectroscopy has been

used to assess the quality of the graphene coated-materials (see chapters 3 and 4).
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2.2.2. X-ray photoelectron spectroscopy (XPS)

In this paragraph, there will be discussed some useful information to reading the
following chapters regarding the analysis of graphene-based materials of XPS. The X-ray
photoelectron spectroscopy is a commonly used quantitative spectroscopic surface
analysis technique useful for determine the elemental composition of a material, as well
as to achieve knowledge on the chemical binding. The basic principle of this technique
concerns the photoelectric effect. Under ultra-high vacuum, a material is irradiated with
X-rays causing electron emission from the core orbital of the elements at the surface. The
kinetic energy measurements and the number of electrons that have escaped from the
material surface provide the XPS spectra. This energy transfer decides about the emission
of photoelectrons from the core levels of the material. Binding energy can be calculated,
as the energy of the X-ray used to excite the electron from a core orbital is a known

quantity, by using the Equation 3:

Eblndlng = Ephoton - Ekinetic _q) (Equathl’l 3)

where: Epinding - €nergy of the emitted electron, Ephoton - X-ray photon energy used, Exinetic
- kinetic energy of the emitted electron, ® - work function.

The binding energy of electron depends on the element from which the electron is
emitted, more in particular from the orbital, and from the chemical environment of the
atom as well. By measuring the kinetic energy (Exinetic) of the collected electrons which
reach the detector, it is possible to calculate the binding energy of the electrons and in this
way to identify the different elements at the surface’s sample and their chemical state. As
a result, a survey of the surface composition of the probed area will be obtained. Except
giving information about the type of atoms which produce a determined molecular
system, the investigation of ionization energy of internal electrons enables to get
information on the charge density of an atom. More in general, XPS can also be used for
detecting contaminants in the sample. X-ray is able to penetrate material through several
hundreds of nanometers, while the emitted photoelectron only comes from some
nanometers of the material. That’s why this technique is relevant with the analysis of

nanometer thin 2DMs and functionalized 2DMs materials. XPS can be used not only an
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elemental analysis but gives also details on the functional groups which occur in the
studied material. Moreover, the binding energy for a valence electron in a given atom is
dependent to chemical environment of the atom which determines a spatial redistribution
of the electrons. For example, when two different atoms are bonded which possess
another electronegativity, the valence electrons will be attracted by the more
electronegative atom. This phenomenon of the electrons results in a change in binding
energy. X-ray photoelectron spectroscopy is defined as a very sensitive surface technique
because of the quick mean free path of the photoelectrons in the analyzed material. The
obtained free electrons can pass through inelastic scattering events causing loss in their
energy, whereas some of the electrons don’t possess enough energy to escape the material
because of the collision with other atoms in the solid structure. The mean free path of an
electron against inelastic scattering changes with the kinetic energy of the valence

electron is fitted using parabolic function as presented in Figure 2.9.
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Figure 2.9. Universal curve of electron inelastic mean free path in function of electron energy (eV).

Reproduced with permission.®

During XPS analysis a local shortage of electrons on the surface of the sample is
observed. While not conductive samples are analyzed, they cannot to compensate this
deficiency of electrons, resulting to the charge effect. That’s why, the whole spectrum is
shifted in higher binding energy. To overcome this drawback, the studies of insulating
samples are carried out using suitable flood gun active to produce unfocused electron
beam with low energy. It is required to offset the charging of the sample. Additionally,

the spectra are calibrated, usually respect to the binding energy of the adventitious carbon.
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The main noteworthy parts of an XPS spectrometer are the X-ray source and an electron
energy analyzer. Mostly in XPS device the X-rays are received using magnesium (Mg)
or aluminum (Al) anticathode which produce the correspondent energy Ka of 1284 eV
and 1487 eV, respectively. Then, the X-ray beam is concentrated on the analyzed material
from which photoelectrons are emitted. The photoelectrons are then gathered by a layout
of lens and focused on the analyzer, where they are separated according to their kinetic
energy. Lastly, they are calculated and recorded in the detector.

In the apparatus available in Nanochemistry laboratory in Strasbourg that was
used for the XPS analysis presented in this dissertation, the very high vacuum is provided
by turbomolecular pumps which let a step-wise reduce of the pressure between two
independent chambers: the antechamber, where the sample is placed and waited until an
optimal pressure of ~ 10”7 mBar is achieved, and the analysis divider, where the sample
is transferred for the analysis that is carried out at a pressure of 10 mBar. Whereas this
analysis technique is usually used for the analysis of metals, polymers and molecular
systems, recently XPS has been extensively exploited for the analysis of 2DMs as well.
In this dissertation XPS analysis were used for estimating the quality of the graphene-

based materials.
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2.3. Methods for quantification of adsorption of metal ions and organic

molecules
2.3.1. Flame absorption atomic spectrometry (FAAS)

The FAAS consists in measuring the monochromatic radiation emitted by the free
atoms of the compound. This method requires three main processes: evaporation of the
sample, atomization and excitation of the sample. In order to absorb the specific radiation,
a sufficiently large number of atoms must be in the basic state. Earlier excitation is not
needed, which is a great advantage of the atomic absorption method. The basis of the
AAS technique is the Kirchhoff law of the radiation, according to which the element
absorbs the radiation of such wavelength as it emits in an excited state. The absorbance

is described following the Equation 4 presented below:
A=y NpTﬂ (Equation 4)

where: y - constant coefficient, N, - number of atoms in the ground state, f - oscillator
power, / - distance on which radiation absorption occurs, a- coefficient depending on line
width and contour.

According to the Lambert-Beer law (Equation 5) the absorbance at a particular
wavelength is directly proportional to the number of atoms in the volume unit, i.e. their

concentration and the thickness of the absorbent layer.
A = ecl (Equation 5)

where: A - absorbance, € - absorptivity, ¢ - concentration, 1 - path length.

This dependence is the basis for quantitative AAS methods. The first works using
AAS method was published between 1953-1955. Walsh presented not only the theoretical
basis of the method, but also proposed apparatus and analytical application.® Atomic
absorption was introduced on a wide scale in the 60’s years and became one of the most

widely used instrumental methods.
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The flowchart of the FAAS is presented on Figure 2.10. Radiation from the source
emitting the characteristic linear spectrum of the element being determined passes
through the atomizer, falls into a gap of monochrome which separates the resonant lines
from the others, and then in the detector is processed and the electrical signal, measured

on the meter.

Lamp Flame .. Monochromator Detector

Sample

Figure 2.10. Flowchart of FAAS

The free atoms of the element generated during the atomization pass from the ground
state to the excited state. The ratio of the number of excited atoms (Nx) to the number of
atoms in the ground state (N,) is small, which makes the absorption spectrum much
simpler than the emissive spectrum. The ratio of Ni/N,, at a given temperature, is defined
by the Boltzmann formula, decreases exponentially with an increase in the frequency of
the resonant line. Noteworthy, the elements whose atoms possess resonant lines in the
long-term range, e.g. Na*, K*, Li", can be marked with a greater sensitivity of the emission
method, while Zn?>" or Mg 2*, whose emission lines in the shortwave range are very weak,
is determined with high sensitivity of the absorption method. For high sensitivity and
precise measurement, the radiation source used in atomic absorption spectrometers
should emit stable radiation with the greatest possible intensity and a narrow outline from
the width of the emitted lines. Therefore, the use of cavity cathode lamp in AAS analysis
is appropriate. The main advantage of the lamp with a cavity cathode in comparison with
other excitation sources is their high versatility. It is true, that we need suitable lamps for
the analysis of the individual elements, while the fact that this method can be applied to
each form of the sample to denote the elements both difficult and easily induced is
undoubtedly its trump. The detection of metallic elements in a cavity cathodic lamp is,

on average, one order of magnitude higher than that of the arc excitation sources. In
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addition, cavity cathodic is primarily used for the determination of hard-to-generate
elements, in the analysis of very small samples, in trace analysis and for the marking of
isotopic composition. This type of lamp was used in this work to excitation the elements
of heavy metal ions (Pb%*, Cd**, Cu?") and the determination of the concentration of the
salt solution of the element after the adsorption process. To mark a particular element, its
necessary to separate it from the sample as free atoms. The most commonly used atomizer
is the air-acetylene flame, the nitric oxide-acetylene (for the elements that make up the
hard-dissociating oxides) and the air-methane (for readily ionizing metals). The FAAS
methodology measures the ratio of the radiation intensity without dispensing the sample
to the radiation intensity when dispensing the solution analyzed using the photomultiplier.

In the atomic absorption analysis, as in other instrumental methods, there are some
disturbances related to the presence of accompanying substances in the analyzed solution.
The disruption of the AAS method can be divided into three groups:

- Spectral disturbances: arise as a result of overlapping lines or absorbent and
emissive bands. For example, two different elements in the solution can possess absorbent
lines of similar wavelengths and can absorb emitted radiation e.g. vanadium absorbent
lines with a wavelength of 308.21 nm can absorb aluminum lines 308.15 nm.

- Physical disturbances: result from changes in the physical properties of the
solutions, they affect the spraying performance of the sample (nebulizer).

- Chemical disturbances: caused by chemical reactions in the flame. However, an
adequate knowledge of the composition of the analyzing samples allows the elimination
of these distortions. The use of a reducing flame makes it possible to reduce or prevent
the formation of the oxides created.

Sitko ef al. indicate the adsorptive properties of neat graphene oxide (GO) towards
divalent metal ions (Cu?*, Cd**, Pb*") using flame atomic absorption spectrometry
(FAAS).? This work includes also adsorption of Zn?" on GO, which has so far not been
reported. On the other hand, Tan and co-workers enhanced sorption capacities for copper
ions by [-tryptophan-functionalized graphene oxide composite (L-Trp/GO).!® The |-
Trp/GO was successfully produced via the nucleophilic substitution reaction. As an
efficient approach, this one-step strategy could be used to synthesize high quality of
graphene oxide/L-tryptophan (GO/L-Trp) without any toxicity. Moreover, it also showed
that GO/L-Trp could be reused after desorption, suggesting potential application in
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wastewater treatment. In order to avoid discrepancies in the experimental results, all
FAAS investigations were carried out in triplicate and experimental data reported were
the average of at least three repetitive measurements with a 5% relatively standard
deviation. The sorption for Cu®** and Pb?>" were typical monomolecular layered and
sorption capacities were 588 mg-g ' and 222 mg-g ! at 293 K, respectively, indicated that

it could be an effective adsorbent for toxic heavy metal removal.
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2.3.2 UV-vis spectrophotometry

Electromagnetic radiation passing through a given centre can undergo different
processes: absorption, reflection and dispersion. Spectrophotometric methods use the
phenomenon of radiation absorption of the appropriate wavelength. The condition for this
phenomenon is that the energy of the incident radiation corresponds to the difference of
the electron levels of the molecule, i.e. that the electron absorbing molecules can be
transferred from the ground state to an excited state (the reverse process is studied using
fluorescent spectroscopies). The spectrophotometric methods are divided in terms of the

length of radiation applied to the three essential groups:

- Ultraviolet (UV) spectrophotometry in the wavelength of electromagnetic
radiation range of 200-380 nm.
- Spectrophotometry in the visible light wavelengths range from 280 to 780 nm.

- Spectrophotometry in infrared light wavelengths range from 1 to 16 um.

There are no theoretical or apparatus differences between the visible light and the UV
spectrophotometry, while infrared spectrometry is completely different. Ultraviolet (UV)
and visible (vis) spectrophotometry have been in general use for the last 65 years (first
commercial UV-Vis spectrophotometer was built in 1941) and over this period have
become one of the most important instruments in the modern analytical laboratory. This
method consists of a deuterium or tungsten lamp for the ultraviolet and visible region
wavelengths, respectively, sample and reference beams, a detector, and a monochrome
(Figure 2.11). Cuvettes are used for sample holding and are kept inside the instrument for
introducing samples to the light path. Glass, plastic, silica, or quartz cells can be used as
cuvettes. Plastic and glass cuvettes absorb wavelengths below 310 nm, so they cannot be
used for absorbance studies below that wavelength. Therefore, quartz cuvettes are used
for absorption measurements in the ultraviolet range as they are transparent to the

wavelengths above 180 nm.
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Figure 2.11. Flowchart of UV-vis spectrophotometer. Reproduced with permission.’

UV-vis spectroscopy refers to absorption spectroscopy, which concern the measurements
of the absorption of radiation, as a function of frequency or wavelength, due to its
interaction with a sample. The ratio between the sample and reference beam intensities is
recorded by the detector. When a difference is found in the intensities, that means the
reference beam's intensity is higher than the sample, and the particular wavelength is
plotted as having the high ultraviolet absorbance. UV-vis spectrum refers to the
reflectance or absorbance spectra in the UV-visible region. When the light beam is passed
through the solution, a part of the light may be absorbed, and the rest will be transmitted
through the solution. The ratio of light entering the sample to the light that exits the
sample at a fixed wavelength is called transmittance. The negative logarithm of
transmittance is called absorbance. To quantitative determine concentrations of an
absorbing species in solution, the Lambert-Beer law has to be used (Equation 5). Due to
the physical or chemical reasons, there may be deviations from the adsorption law which
are shown in Figure 2.12 as the relationship between the absorbance and the concentration

of the solution.
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Figure 2.12. Relationship between the absorbance (A) and the concentration of the solution (¢) as an

example of deviaions from the adsorption law. Reproduced with permission.'°

If the shape of the absorption spectrum of a substance modify with a change in the
concentration of the substance in the solution, there are chemical deviations. In this
situation, molecules can interact with each other (dissociation, association) or with
solvent molecules. Only the use of a strongly acidic or alkaline environment will cause
the adsorption process to not be affected by the change in concentration. Another
possibility of avoiding a derogation from the Lambert-Beer law is to measure at a
wavelength corresponding to the point of intersection of the absorption curves called the
isosbestic point. Dissociation reactions resulting in a negative deviation from the Beer
law occur e.g. in solutions of weak colored complex compounds. As the solution is
diluted, dissociation and disintegration of the complex occurs. The most important reason
for physical deviations from the Beer law is the non-monochrome radiation. As a rule,
these are negative deviations, but the markings in the high-tech spectrophotometers are
negligible.

In the literature we can find a plenty of example which concerns UV-vis
measurements to calculate maximum adsorption capacity in adsorption process for
different pollutants. Yang and co-workers prepare of reduced GO functionalized with
poly(acrylamide) by in situ free-radical polymerization.!! The benzenoid compound,
methylene blue was adsorbed on RGO/PAM composited, and the adsorption capacity was
measured on a UV—vis spectrophotometer (SHIMADZU UV-2450 spectrophotometer) at

a wavelength of 664 nm. All spectrophotometric measurements in the presented work
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were performed on the Metertek SP830 spectrophotometer with a tungsten lamp using a
1 cm thick cuvette. UV-vis was used for the study of adsorption process of cationic dyes
(methylene blue, rhodamine b, methyl violet) by graphene-based adsorbent (see
chapter 4).

2.3.3. Study of adsorption isotherms, Kkinetic and thermodynamic

parameters

The maximum adsorption capacity values were determined using Langmuir and
Freundlich models which are widely used for estimation of the adsorption of pollutants

18 focuses

using carbonaceous materials.!>'® The Langmuir isotherm model'”
on the adsorption process on monolayer homogenous surface excluding all interactions

between adsorbed molecules. This model is expressed as:

__ QmaxKLCe .
qe = LLCe) (Equation 6)

where: K7 - enthalpy of adsorption (L mg™!), C. - equilibrium concentration of pollutant
(heavy metal ions), g. - amount of pollutant adsorbed at equilibrium time (in our
experiments it was determined by using flame atomic absorption spectrometry), gmax -
maximum amount of metal ions adsorbed per unit weight of adsorbent (mg g!).

While the Freundlich isotherm model'® can be used to describe adsorption of
heterogenous and micro-porous surface, the model assumes that multilayer systems of
pollutant can be observed on the adsorbent surface and it can be represented by the

following equation:

qe = KFC;/n (Equation 7)
where: Kr (mg!'™ L" g ') and 1/n are Freundlich adsorption constants corresponding
to the adsorption intensity and the adsorption capacity.

The kinetics of an adsorption process are studied using the pseudo-first (Equation

8) and pseudo-second (Equation 9) order rate adsorption kinetic models. In particular, the
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amount of metal ions adsorbed by BPEI-GO and AC (mg g!) as a function of time are
calculated by applying Equation 10. These models are expressed as:

In(q. — q;) = Inq, + k;t (Equation 8)

t 1 t .
@ Tl + ” (Equation 9)
_ (Co-cp)v .
q: = — (Equation 10)
Madsorbent

where q. - equilibrium adsorption capacity, g; - adsorption capacity at a given time, k; -
rate constant (1/min), k> - rate constant [g/min mg], ¢ - time (min), C;- concentration of
free metal ions at given time [mg/l], C. - equilibrium concentration of free metal ions
[mg/1], V - volume [1], m - mass [g].

In order to fully understand the nature of adsorption the thermodynamic
parameters such as standard Gibbs free energy change (AG®), the enthalpy change (AH®)
and entropy change (AS°) have been calculated using equilibrium constants changing as
a function of temperature. The free energy changes of the sorption reaction are given by

the following equation:
AG® =-RT In K4 (Equation 11)

where: R - ideal gas constant (8.314 J mol'K™!), T - absolute temperature (K), K4 -
distribution coefficient. The distribution coefficient (Ks) was defined as the following

equation:

Kai= % (Equation 12)

In this equation, ¢g. (mg g™") is the amount of metal in adsorbent, C. (mg L') is the amount
of metal in solution and the values of Kswas obtained by plotting In(q./C.) against C. and
extrapolating to zero C.. The enthalpy AH® and the entropy AS® changes were calculated

from the van’t Hoff equation:

om0 st
In Ky=— — T (Equation 13)
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Chapter 3.

Adsorption properties on graphene oxide-branched

polyethyleneimine materials

The preparation of new hybrid graphene-based component with high surface area
and high affinity towards appropriate pollutant paves the way towards the understanding
of the mechanism of their adsorption at the surface. Systems based on graphene oxide can
be obtained via bottom-up approach. In this chapter highly porous foams based on
graphene oxide functionalized with polyethylenimine are generated and used with
unprecedented efficiency for adsorbing heavy metal ions. A multiscale analysis of the
BPEI-GO nanocomposite provided evidence for the covalent grafting of BPEI on GO and
the formation of low crystalline porous foams. The uptake experiments revealed that the
BPEI-GO's adsorption of toxic cations is strongly dependent on the pH in range from 2
to 10, as a result of the different interactions at the supramolecular level between the metal
ions and the BPEI-GO foam. The maximum uptake capacities for Cu?>*, Cd** and Pb*" are
achieved at pH = 5 and exhibit values as high as 1096, 2051 and 3390 mg g’!, respectively,
being ca. over 20 times greater than standard sorbents like activated carbon. The BPEI-
GO composite can be easily regenerated as proven by performing adsorption cycles. Also,
the thermodynamic parameters including standard Gibbs free energy (AG®), the enthalpy
change (AH°) and entropy change (AS°) revealed the exothermic and spontaneous nature

of the adsorption process.
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3.1. Introduction

One of the greatest worldwide problems caused by industrial and agricultural
activities associated with an ongoing population growth is a gigantic amount of the
contaminants released to the environment, thereby lowering quality and increasing
scarcity of clean water.' 2 These pollutants, which range from heavy metals and organic
dyes to micropollutants such as nitrosamines® cause numerous environmental and public
health problems even in low concentrations,* > and may cause cancerogenic and
mutagenic effects, which can lead to health disorders such as dysfunction of the liver,
brain and central nervous system.5® Because of that, an improved or new low-cost
technology for high-performance removal of pollutants from aqueous solution are
necessary. Among various removal techniques, those relying on the capturing of the
pollutant (i.e. analyte) by an adsorbent (i.e. receptor) are chemically programmable and
attractive because of wide range of potential sorption materials with the high efficiency
and affinity towards diverse pollutants.’ ! Typically, carbon materials such as activated
carbon (AC) are commonly used in adsorption process because of their significant
capacity towards wide range of contaminants.!! However, carbon materials also possess
certain limitations caused by their high production cost, difficult recycling process and
restricted selectivity. Compared to AC and other alternative adsorbents, 2DMs offer many
benefits. Two-dimensional materials are regarded as the most effective adsorbents for
sequestering various type of pollutants such as heavy metal ions and cationic dyes because
of their planar structure and extremely high surface to volume ratio. The adsorption
abilities of 2DMs was estimated through the ¢, defined as the mathematical relation
between the adsorbed contaminant expressed in milligrams by one gram of adsorbent at
constant temperature (see chapter 1, Equation 1). Conventional methods for the
quantification of heavy metal ions include plasma mass spectrometry (ICP-AES) and
polarography and atomic absorption/emission spectroscopy (e.g. FAAS, UV-vis)
described in chapter 2.

In the field of sensing it is generally preferred to make use of non-covalent
interactions between the sorbents, i.e. the active material, and the analyte to ensure a quick
response and a fast recovery rate (i.e. real-time monitoring). One of the most interesting

2D material, thanks to its adsorption capability into highly porous structures is GO. As a
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proof, Sitko and co-workers investigated neat GO, which exhibits ultrahigh adsorption
capacity for copper, cadmium and lead ions.'? The adsorption of the studied dyes was
followed by Freundlich isotherm (higher value of correlation coefficient than in Langmuir
isotherm model). Nevertheless, the use of pristine 2DM nanosheets has some drawbacks.
A major limitation is represented by the poor porosity, which limits the number available
recognition sites. In particular, 2DM nanosheets produced via liquid-phase exfoliation
(LPE) exhibit a strong tendency to self-aggregate and form even micron-sized stacked
structures. Moreover, nanosheets produced via LPE exhibit low charge carrier as well as
low field-effect mobility. In addition, the water solubility of GO hampers its use in
common systems, due to the fact that residual GO cannot be easily removed and
regenerated after adsorption process. To overcome this drawback, bridging of GO sheets
with organic and inorganic subunits to form three-dimensional porous structure have been
explored. Noteworthy, the adsorption of pollutants on 2DMs depends on numerous
factors such as temperature, initial concentration of the solution, pH and phase contact
time which play crucial roles in the adsorption capacity.'! In order to determine the
parameters that guarantee the best process performance, individual factors have to be
analyzed. Understanding the dynamic adsorption capabilities of metal ions on the surface
of 2DMs is therefore extremely important and will be discussed in this chapter prior to

the use of 2DMs in sensing devices for heavy metal ions.
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3.2. Materials and methods

3.2.1. Generation of BPEI-GO via bottom-up approach

In the past few years, GO/branched polyethylenimine (BPEI-GO) hybrid
structures generated through the condensation of the carbonyl moieties and ring-opening
reactions of the epoxy groups, was applied as composite for numerous applications
including humidity sensing,!? adsorption of organic dyes and gasses,'* energy storage '
and biochemical,'®'® to name a few. Branched polyethyleneimine (Figure 3.1) was
chosen due to the fact that these commercially available biocompatible molecules have
been previously extensively studied in adsorption and encapsulation processes in the
presence of guest molecules.?> BPEI in fact incorporates a high number of amine groups,

22,23 with a branching site at every

which exist in primary, secondary and tertiary forms,
3-3.5 nitrogen atom in any given BPEI chain segment, which can be potentially
protonated. Thus, at low pH of the solutions BPEI has a high cationic charge density,
therefore it can form coordination complexes with heavy metal ions solely in environment

characterized by a pH close to neutral or in basic solutions.?*

(\NHg l/\u/\/l\le|

N N N
HgNAV \/\H/\/ \/;\]/\/ v/\NHg

HN >SN,

Figure 3.1. Structure of branched polyethylenimine (BPEI).

In this work, BPEI-GO composite was produced via the condensation reaction between
the amine units exposed on branched polymer (BPEI-branched polyethyleneimine) and
commercially available GO (Graphenea). A batch of BPEI-GO is prepared as follows: a
mixture of ethanol (100 mL) and GO (100 mL, 4 mg mL"") is sonicated for 30 min and
then 100 mL of BPEI in ethanol (4 mg mL"") is added. The mixture is rigorously stirred
overnight under reflux. The resulting powder is then filtered and washed several times

with water/ethanol mixture (1:1 vol:vol) in order to remove the unreacted BPEI. Finally,
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the BPEI-GO is freeze-dried for 48 h under vacuum to obtain black solid foam-like
material, which was used, without further treatments, for characterization and adsorption

process.

3.2.2. Morphological characterization by BET and SEM

The porous structure of BPEI-GO was investigated using N adsorption-
desorption isotherms at 77K. The specific surface area was measured using a
Micromeritics ASAP 2050 surface area and porosity analyzer. Prior to the BET
measurements, the samples were outgassed for 10 hours at 100 °C. Adsorption isotherms
were calculated for nitrogen adsorption at 77 K and pressures up to 1 bar. A specific
surface area of BPEI-GO composite calculated by Branauer-Emmett-Teller (BET) model
amounts to 220 m? g'! (Figure 3.2a). Obtained value is much higher in comparison to the
starting GO material, which displays a specific surface area calculated as 10 m? g,
suggesting that branched polyethyleneimine act as a spacer between GO sheets.
Noteworthy, that specific surface area of GO is strictly depending on the level of water
content and the values are in the range from 10 to 100 m? g'!. To get a morphological
insight, scanning electron microscopy (SEM) images are recorded. SEM with energy
dispersive X-ray detector (EDX) presents images which proved the porous and uniform

structure of BPEI-GO material (Figure 3.2b-c).
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Figure 3.2. a) BET adsorption-desorption isotherms of the BPEI-GO composite b) SEM image
of BPEI-GO.

The characterization was carried out using an FEI Quanta 250 FEG instrument

with energy-dispersive X-ray (EDX) analyses. The accelerating voltage was 5 keV
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incident beam energy. SEM samples were prepared by mounted on carbon conductive

tabs followed by gold coating.

3.2.3. Chemical and structural composition

The sample for XPS characterization were prepared by collecting ~5 mg of GO
and BPEI-GO and attached to copper film. The XPS analysis was carried out using the
Thermo Scientific KAlpha XPS machine available at the Nanochemistry lab (ISIS). After
background substraction, the Cls, Ols and N1s peaks were deconvoluted using constrains
on the relative intensity ratio of the doublets and the full width half maximum.
As aforementioned, this works focused on the adsorption of heavy metal ions (Pb%*, Cu?",
Cd?") via functionalized graphene oxide. The presence of these ions in water contributes
to the contamination of the environment. The lack of biodegradability and the long half-
life of heavy metals are particularly dangerous for the health of living organisms. This
leads to their accumulation in tissues causing poisoning, damage to the nervous system
or tumors.?® The growth of 3D covalently functionalized architectures with a high degree
of functionalization have been attained by exploring the functionalization of GO through
the ring-opening reaction of epoxy groups. High resolution XPS was used to gain
subsequent details about chemical composition of BPEI-GO hybrid material. This
methodology was also exploited to investigate the nature of adsorption process of heavy
metal ions on BPEI-GO. In the wide energy spectrum of pristine GO, only two peaks at
286.7 eV and 532.3 eV are found, and are attributed to Cls and Ols, respectively (see
Figure 3.3a). In contrast, the appearance of the N1s peak is observed in the wide energy

spectrum of BPEI-GO (see Figure 3.3b).
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Figure 3.3. XPS wide energy spectra of (a) GO and (b) BPEI-GO.
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The relevant difference between the carbon (Cls), nitrogen (N1s) and oxygen (O1s) peaks
proved the presence of new covalent bond obtained between the primary form amine
groups from BPEI and oxygen-containing functional groups on the surface of GO (Figure
3.4). The Cls XPS spectrum of the neat GO (Figure 3.4a) shows two main peaks at 284.6
eV (C-C) and 286.8 eV (C-O) and one smaller peak at 288.3 eV, which is ascribed to
C=0 bonds.* Compared to GO, the C1s spectrum of the BPEI-GO hybrid material (Figure
3.4b) appears differently and has four peaks, including sharp peaks at 284.6 eV and 285.7
eV and broader peaks at 286.2 eV and 287.9 eV which can be assigned to C-C, C-N, C-
O and C=0 bonds, respectively. While similar Ols spectra are observed for GO and
BPEI-GO (Figure 3.4c-d), successful functionalization of GO with BPEI is particularly
evidenced in the N1s spectra. The high-resolution N1s spectrum of GO sample does not
show any nitrogen signal (Figure 3.4e). Conversely, clear signal is observed in BPEI-GO
samples (Figure 3.4f), and it can be deconvoluted into three peaks, i.e. at 398.8 eV, 399.5
eV and 401.0 eV, which can be ascribed to primary, secondary/tertiary and quaternary

amines, respectively.?’>28
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Figure 3.4. High-resolution Cls, Ols and N1s spectra of GO (a,c,e), and BPEI-GO (b,d,f).

BPEI-GO was further characterized by Raman spectroscopy a non-destructive
technique used to study the structural changes of graphene oxide-based materials. As
shown on Figure 3.5 the Raman spectrum of GO displays two prominent peaks around
1350 cm™! (D band) and at 1600 cm™ (G band), correspond to sp* hybrid orbital and sp?
hybridized carbon atoms from the aromatic regions of GO. As we mentioned in chapter
2, chemical modification of graphene-derived materials is often characterized by the
changes in the ratio of the D and G bands areas. In fact, Ip/Ig is commonly used to quantify
the disorder level in graphene. After the functionalization of GO with BPEI the Ip/Ig
intensity ratio increases from 1.00 to 1.30 and is attributed to the increase of the sp? carbon
atoms after functionalization and is consistent with other reports. Moreover, the graphene

band shifts to a lower wavenumber, reaching 1589 c¢cm™! for the GO-BPEI, which is
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consistent with the observed effect of the functionalization of graphitic materials. The
results indicate that BPEI was effectively grafted onto the surfaces of the graphene oxide

through nucleophilic reaction between the amine groups of BPEI and the epoxy and

carboxyl groups of GO.
—GO
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Figure 3.5. Raman spectra of GO and BPEI-GO composite.
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3.3. Results

3.3.1. Adsorption of heavy metal ions on BPEI-GO using FAAS

measurements

The adsorption experiments are carried out by mixing 5 mg of adsorbate, i.e. GO,
BPEI, or GO-BPEI, and 100 mL of Pb%*, Cd** or Cu?" aqueous solutions at the desired
concentration and pH. After addition of GO-BPEI foam into the salt solution with NaNO3
the pH is adjusted with HNO3 (0.1 M) and KOH (0.1 M). The suspensions are then
rigorously stirred for 12 h to achieve the adsorption equilibrium and subsequently filtered
through polytetrafluoroethylene (PTFE) membranes (0.22 um). The concentration of
metal ions is determined using flame atomic absorption spectrometry (F-AAS) with
deuterium arc background correction, equipped with a hollow cathode lamp (Varian
280FS). An air—acetylene burner is used. The wavelengths (spectral band pass) are 217.0
nm (0.5 nm), 324.8 nm (0.5 nm), 228.8 nm (0.5 nm) and for Pb*", Cu?*, and Cd*",
respectively. The nebulizer flow rate is set to 5.0 mL min~!. The adsorption capacity
variation upon GO-BPEI foam regeneration is defined as: (ge/qma) X100 where:
ge- adsorption capacity in equilibrium state, gmqa- maximum adsorption capacity. To study
the maximum adsorption capacity of BPEI-GO composite, uptake of heavy metal ions by
mixing adsorbent with Pb**, Cd**, Cu?* solutions at desired pH and concentration were
conducted. The pH of the salt solutions was controlled by HNO3 (0.1 M) and KOH (0.1
M) solutions. The uptake capability of heavy metal ions by BPEI-GO was established at
pH = 5 due to the fact, that in the pH higher than pHp,c ~ 4.3 (pH point of zero charge-
value of pH which refers to neutral charge of adsorbent) the surface of BPEI-GO foam is
negatively charged and results in an increased capacity to adsorb positive charges
pollutants. Nevertheless, at too high pH, heavy metal ions used in experiment exist as e.g.
[PbOH]" and [CuOH]" species. As a result, the interactions between BPEI-GO composite
and pollutants are evidently weakened, which has a direct impact on the adsorption
capacity values. The maximum adsorption capacity values were determined using

Langmuir and Freundlich models (see chapter 2, Equations 6 and 7).Isotherm parameters
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are acquired by fitting GO-BPEI adsorption equilibrium data to the isotherm models and
are listed in Table 3.1.

Table 3.1. Parameters for Freundlich and Langmuir adsorption isotherm models. The parameters for

adsorption models of Cu?*, Cd** and Pb?*" metal ions sorption on GO-BPEI foam.

Freundlich Langmuir
Metal ion
n Kr R2 {max K [X10>2] R2
Cu** 27+£03 | 15115 | 0.897 | 1096 + 25 3.8+£0.3 0.994
Cd** 2603 | 25826 | 0.919 | 2051+46 34+£0.2 0.996
Pb?* 29+£0.2 | 525+£34 | 0.963 | 3390+ 67 41+04 0.997

It should be noted the # values calculated from the Freundlich model are found to fall in
the range between 2 and 3, indicating good adsorption of metal ions onto BPEI-GO
foam.?” The adsorption isotherms for the control samples (GO, BPEI) as well as for the
BPEI-GO composite (Figure 3.6) were better correlated using Langmuir model than by
the Freundlich model, suggesting that adsorption process of heavy metal ions (Pb**, Cd**,
Cu?") onto GO, BPEI and BPEI-GO is not exactly monolayer coverage related. Moreover,
accurate analyses of adsorption properties confirmed that the enrichment of GO with
additional coordinating pockets in the BPEI-GO system resulted in an adsorption of
unprecedently high values (with respect to carbonaceous materials) of gua for heavy

metal ions (Cu?" - 1096 mg g, Cd*" - 2051 mg g!, Pb** - 3390 mg g™).
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Figure 3.6. Adsorption isotherms on BPEI-GO for a) Pb%*, b) Cd*" and c¢) Cu®* ions at pH =5
(Cgo.prergrErco = 0.05 g L1, T =25 °C, stirring speed = 200 rpm, t = 12 h). The experimental adsorption

data are fitted with Langmuir (solid lines) and Freundlich (dashed lines) models.

The obtained gmax values presented in mmol g™ ! are 16.4, 17.3, and 18.3, for Pb?", Cu?",
and Cd*" respectively, suggesting that 1 g of BPEI-GO composite is able
to adsorb ca. 17 mmol of heavy metal ions from 1L solution of polluted water. In
comparison with commonly used adsorbents i.e. AC, and their modified derivative
with polyethyleneimine (AC-PEI), the maximum adsorption capacities values reveals that
BPEI-GO outperforms AC being ca. over 40, 60 and 160 times efficient adsorbent for
Pb?*, Cu?" and Cd?*, respectively (Table 3.2). 3837

Table 3.2. Maximum adsorption capacity gmax values of Pb?", Cu** and Cd** on AC, AC-PEI and BPEI-

GO calculated by Langmuir adsorption isotherm model.

Oumax [mmol g!]
Metal ions
AC AC-PEI BPEI-GO
Pb** 0.27+ 0.02 0.68 +0.02 16.4+0.4
Cu? 0.40+ 0.03 0.77 £ 0.02 17.3+0.4
Cd** 0.11£0.01 0.88 +0.03 18.3+0.5

To gain further insight into the adsorption process, the kinetics of Pb**, Cd** and
Cu?" heavy metal ions adsorption on BPEI-GO material were studied by applying the
principles discussed in chapter 2 (see Equations 8-10). The calculated kinetic parameters
for adsorption of Cu?*, Cd** and Pb*" ions on BPEI-GO foam at pH 5 are listed in Table
3.3. This knowledge is necessary for comprehension of the adsorption process and for
choosing the best desorption strategy. The g. values calculated from the pseudo-first and
pseudo-second-order kinetic models are close to experimental g. values, yet, the latter
model seems to give better results. In particular, the calculated g. values of the Cu?*, Cd**

and Pb*" adsorption acquired using the pseudo-second-order kinetic model amount to
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763, 1186 and 1612 mg/g, which are closer to the experimental g. values of 757, 1171

and 1592 mg/g, respectively.

Faculty of Chemistry

Table 3.3. Coordination kinetic rate constants and unit adsorption capacity of BPEI-GO towards

Ccu?', cd*t, Pb*,
Pseudo-first order Kkinetics Pseudo-second order Kinetics
Metal qe (exp)
ion qe ki[x1073] R? qe k2 [x 107] R?
Cu?* 727418 8.3+0.3 0.982 763121 34+0.2 0.995 757 £20
cd 1085 £ 30 9.1+0.6 0.952 1186 + 34 29+0.2 0.984 1171 £32
Pb2* 1465 + 37 13+1 0.979 1612 + 40 1.4+0.1 0.988 1592 + 39

Moreover, the analysis of the fitting parameters reveals that the experimental data is fitted
better with the pseudo-second-order kinetic model as evidenced by the correlation
coefficients (Figure 3.7). Obtained results showed that the adsorption of heavy metal ions
on the composite surface at the beginning increase very fast and then it reaches a plateau.
The same characteristic shape of curve was noticed in adsorption by raw GO, but the

kinetic rate was higher.!?
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Figure 3.7. Time dependent heavy metal ions sorption on BPEI-GO foam (a) (Co= 0.1 g L"!, Cperco=
0.05 g L' T = 25 °C, stirring speed = 200 rpm, t = 8h, pH = 5). The kinetic plots obtained pseudo-first (b)

and pseudo-second (c¢) order model reactions.

The values of AH® and AS° can be calculated by the Van’t Hoff Equation (see chapter 2,
Equation 13) and can be determined from intercept and slope by plotting the values of In

Kavs. 1/T (Figure 3.8).
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Figure 3.8. The linear curve of In Kavs 1/T for Pb**, Cd**, Cu** adsorption calculate to determine

thermodynamic parameters.
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The thermodynamic parameters from the fitting line such as Gibbs free energy change
(G®), the enthalpy change (AH°), the entropy change (AS°®) and correlation coefficient
(R?) are listed in Table 3.4.

Table 3.4. Thermodynamic parameters for adsorption of Pb?*, Cd**, Cu**onto BPEI-GO composite.

Metalions | T (K) In Ky AG? AP AS? R’
(KJ mol™) (KJ mol™) (KJ mol''K"

298 5.12 -12.69

Pb2+ 308 472 -12.09 -27.26 49.01 0.994
318 443 1172
298 2.95 732

Cd 308 2.57 -6.58 -25.34 60.59 0.990
318 231 -6.12
298 1.01 2.50

Cu?* 308 0.83 -2.12 -16.51 46.92 0.989
318 0.59 -1.56

The distribution ratio (Ky) of Pb**, Cd**, Cu?>* onto BPEI-GO composite are decreased
with the increase in temperature, implying that the adsorption process is exothermic. The
negative values of AG® at various temperatures indicated the spontaneous nature of the
adsorption process. The decreasing in AG® values with increasing temperature shows a
decrease in feasibility of sorption at higher temperature. However, the low negative
values AG® measured in temperature 318K (-11,72, -6,12 and -1,56 kJ.mol!, respectively
for Pb?*, Cd**, Cu*") ascertains the favourability of the adsorption process. Furthermore,
the more negative value of AG® for Pb?* than that of Cd*" and Cu?* implies the BPEI-GO
composite favours the adsorption of Pb?>" more than Cd?>* and Cu?*. The negative value of
AH® confirms the exothermic nature of the adsorption process as confirmed by the fact
that as the temperature rises from 298 to 318K. This result also supports the suggestion
that the adsorption capacity of adsorbent decreases with increasing temperature. The
positive values of AS°® (49.01, 60.59 and 46.92 for Pb*", Cd*" and Cu?", respectively)
confirm the increment randomness in the system solid/solution interface during the
adsorption process which can be reflected by the affinity of the BPEI-GO for heavy metal

cations and suggested some conformational changes in BPEI-GO. This might be also
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attributed to the substitution of water hydration molecules for metal ions by chelating
group. Both kinetic and thermodynamic parameters determined during studies confirmed
the spontaneous and exothermic nature of the adsorption process. In search of the best
adsorbent, its regeneration is as important as its high affinity to the contaminants, which
is necessary from the practical point of view of sorption material on industrial scale. Thus,
the adsorbent material needs to combine a high adsorption capacity with good desorption
characteristics. Such combinations would considerably enhance the efficiency of the
adsorbent and possibly allow its use in real life applications. To study the reversible
adsorption of heavy metal ions onto the BPEI-GO foam, the composite is repeatedly
immersed in the aqueous solutions of heavy metal ions and treated with 0.1 M solution
of either ethylenediaminetetraacetic acid (EDTA) or nitric acid. The adsorbent is washed
several times with MiliQ water, freeze-dried overnight and used as adsorbent in
subsequent adsorption cycles. The adsorption experiments are then carried out by mixing
BPEI-GO and Pb**, Cd** and Cu?* aqueous solutions at pH = 5. Noteworthy, the use of
EDTA for regeneration of GO-based adsorbents has some drawbacks. While EDTA has
a high affinity for metal ions, as reflected in its high complexation constants for Cu?*
(18.8), Pb** (18.1) and Cd** (16.5), it can also interact with GO through strong
electrostatic forces and block its binding sites.*-#! Such characteristics of EDTA may
affect the reusability of BPEI-GO foam in the long term. As illustrated in Figure 3.9 high
decrease in the adsorption capacity is monitored for GO-BPEI treated with EDTA. In
particular, the adsorption capacity decreases over ten cycles by 28% for Cu, 55% for Pb
and 72% for Cd ions. On the other hand, HNO; treatment allows reaching high
regeneration efficiency. The overall decrease in adsorption capacity is found smaller than
in the EDTA treated foam, and it amounts to 45% for Cu, 20% for Pb and 33% for Cd
ions. Noteworthy, the decrease in the adsorption capacity after tenth cycle is most likely
related to the decrease in the number of BPEI-GO coordination pockets and therefore in
the decrease of the binding sites after each regeneration step. As a consequence of the
strong acidic environment the decomposition of BPEI-GO can take place, and in
particular hydrolysis of amide bonds may occur. It was shown that there is a possibility
of effective regeneration of BPEI-GO adsorbent using commonly used solutions of 0.1
M EDTA* or 0.1 M HNO3* (Figure 3.9b). It was shown that HNOj3 allows for reaching
higher regeneration efficiency than EDTA. It was presented that after 10 cycles the
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general decrease in adsorption affinity was smaller using HNO3 than EDTA solution and
it amounts to 45% for Cu?*, 20% for Pb*" and 33% for Cd*" ions, which is consistent with
the raw GO regeneration results presented in literature.**

In most cases, contaminated water contains a combination of different types of
ions, which is a major limitation to highlight the most efficient adsorbent. That is why a
series of experiments was performed by replacing distilled water with tap water, which
contains mono- and divalent alkali metal ions including Na*, K*, Mg?" Ca’" at the
concentration of 16 mg/L, 7 mg/L 10 mg/L and 75 mg/L, respectively. Adsorption
capacity values obtained in a single adsorption tests in tap water environment are almost

the same with those received for distilled water experiments (Figure 3.9b).

a) b)
< 100 Guegye.. o © Pb @ Cd & Cu Miliq water
~ J s - @ Pb @ Cd £ Cu Tap water
£ 80- P
® S 1 ==
Q 1 © 3000 -
8 60 = 02000000 BharAL E B
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Figure 3.9. a) Adsorption capacity as a function of BPEI-GO foam regeneration cycle using EDTA and
HNOs solutions. b) The effect of environmental conditions on the adsorption Pb**, Cd** and Cu?" ions by

BPEI-GO composite.
In order to confirm the chemical nature of adsorption of metal ions on GO-BPEI,

additional XPS wide range energy spectra were performed before and after metal ions

sorption (Figure 3.10) and confirms the presence of metal ions after the adsorption cycle.
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Figure 3.10. The XPS spectra recorded before and after metal ions adsorption on

BPEI-GO.

3.4. Conclusions

In summary, in this section we have shown that the BPEI-GO composite
synthesized by easy and high-performance approach displayed very interesting
adsorption affinity, stability and reusability toward sequestering of heavy metal ions. GO-
based 3D foams are particularly appealing for the efficient removal of heavy metal ions
from water since they expose numerous oxygen- and nitrogen-containing functional
groups, which can interact at the supramolecular level with the metal ions. The GO-BPEI
foam generates supramolecular pockets that are particularly suitable for sequestering
specific metal ions. This is evidenced by remarkably high maximum adsorption capacities
towards heavy metal ions at pH 5: 1096, 2051, and 3390 mg ¢! for Cu?*, Cd>* and Pb*",
respectively. These values are much larger than those of any known sorbents including
GO and GO-based adsorbents. The non-covalent, thus reversible nature of interactions
between the GO based foam and the metal ions is key in order to re-generate the foam.
We have showed that the adsorbed metal ions can be removed with treatments of either
EDTA or nitric acid. Thermodynamic calculations showed that the adsorption process of
heavy metal ions had exothermic and spontaneous nature. The results obtained in this
work exceed the state of the art of functionalized GO-based metal ions adsorbent. The
BPEI-GO based material represents the promising way to involve high-efficiency and
low-cost water purification technologies and offer a new avenue towards the effective

removal of heavy metal pollutants at large scale.

97



Université

Institut de Science et d'Ingénierie Supramoléculaires Faculty of Chemistry 3

‘ H de Strasbourg ‘

3.5. References

10.
11.
12.
13.
14.
15.
16.

17.
18.

19.

20.

21.

22.
23.

24.
25.

26.

C. J. Vorésmarty, P. B. Mclntyre, M. O. Gessner, D. Dudgeon, A. Prusevich, P.
Green, S. Glidden, S. E. Bunn, C. A. Sullivan, C. R. Liermann and P. M. Davies,
Nature, 2010, 467, 555.

K. Bakker, Science, 2012, 337, 914-915.

J. O. Lundberg, E. Weitzberg, J. A. Cole and N. Benjamin, Nat. Rev. Microbio.,
2004, 2, 593-602.

R. P. Schwarzenbach, B. I. Escher, K. Fenner, T. B. Hofstetter, C. A. Johnson, U.
von Gunten and B. Wehrli, Science, 2006, 313, 1072-1077.

J. Lubchenco, Science, 1998, 279, 491-497.

C.-H. Weng and Y .-F. Pan, J. Hazard. Mater., 2007, 144, 355-362.

M. A. M. Salleh, D. K. Mahmoud, W. A. W. A. Karim and A. Idris, Desalination,
2011, 280, 1-13.

Z. Aksu, Process Biochem., 2005, 40, 997-1026.

F. Perreault, A. Fonseca de Faria and M. Elimelech, Chem. Soc. Rev., 2015, 44,
5861-5896.

D. L. Gin and R. D. Noble, Science, 2011, 332, 674-676.

A. Dabrowski, Adv. Colloid Interface Sci., 2001, 93, 135-224.

R. Sitko, E. Turek, B. Zawisza, E. Malicka, E. Talik, J. Heimann, A. Gagor, B.
Feist and R. Wrzalik, Dalton Trans., 2013, 42, 5682-5689.

Z. Yuan, H. Tai, Z. Ye, C. Liu, G. Xie, X. Du and Y. Jiang, Sens. Actuator B-
Chem., 2016, 234, 145-154.

Z.Y.Sui, Y. Cui, J. H. Zhu and B. H. Han, ACS Appl. Mater. Interfaces, 2013, 5,
9172-9179.

Y. Huang, D. Wu, A. Dianat, M. Bobeth, T. Huang, Y. Mai, F. Zhang, G.
Cuniberti and X. Feng, J. Mater. Chem. 4, 2017, 5, 1588-1594.

B. Chen, M. Liu, L. Zhang, J. Huang, J. Yao and Z. Zhang, J. Mater. Chem., 2011,
21, 7736-7741.

S. Kumar, S. Raj, K. Sarkar and K. Chatterjee, Nanoscale, 2016, 8, 6820-6836.
L. Zhang, Z. Lu, Q. Zhao, J. Huang, H. Shen and Z. Zhang, Small, 2011, 7, 460-
464.

Y. Liu, Y. Fan, Y. Yuan, Y. Chen, F. Cheng and S.-C. Jiang, J. Mater. Chem.,
2012, 22,21173-21182.

Y. Yan, Q. An, Z. Xiao, W. Zheng and S. Zhai, Chem. Eng. J., 2017, 313, 475-
486.

J. Meng, J. Cao, R. Xu, Z. Wang and R. Sun, J. Mater. Chem. A, 2016, 4, 11656-
11665.

J. Jia, A. H. Wu and S. J. Luan, Colloids Surf., A, 2014, 449, 1-7.

X. Zhang, A. Ciesielski, F. Richard, P. Chen, E. A. Prasetyanto, L. De Cola and
P. Samori, Small, 2016, 12, 1044-1052.

A. H. Wu, J. Jiaand S. J. Luan, Colloids Surf. A, 2011, 384, 180-185.

Y.Liu, Y. Fan, Y. Yuan, Y. Chen, F. Cheng and S.-C. Jiang, J. Mat. Chem., 2012,
22,21173-21182.

M. Jaishankar, T. Tseten, N. Anbalagan, B. B. Mathew and K. N. Beeregowda,
Interdiscip. Toxicol. ,2014,7, 60-72.

98



. a2 Institut de Science et d'Ingénierie Supramoléculaires Faculty of Chemistry
Université N r &

[ estasbous|

27.
28.
29.
30.
31.

32.
33.

34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

44,

0. C. Compton, D. A. Dikin, K. W. Putz, L. C. Brinson and S. T. Nguyen, Adv.
Mater., 2010, 22, 892-896.

N. D. K. Tu, J. A. Lim and H. Kim, Carbon, 2017, 117, 447-453.

I. Duru, D. Ege and A. R. Kamali, J. Mat. Sci., 2016, 51, 6097-6116.

G. Zhao, X. Ren, X. Gao, X. Tan, J. Li, C. Chen, Y. Huang and X. Wang, Dalton
Trans., 2011, 40, 10945-10952.

R. Sitko, P. Janik, B. Feist, E. Talik and A. Gagor, ACS Appl. Mater. Interfaces,
2014, 6, 20144-20153.

F. Zhang, B. Wang, S. He and R. Man, J. Chem. Eng. Data, 2014, 59, 1719-1726.
N. Sui, L. Wang, X. Wu, X. Li, J. Sui, H. Xiao, M. Liu, J. Wan and W. W. Yu,
RSC Adv., 2015, 5, 746-752.

I. Langmuir, J. Am. Chem. Soc., 1916, 38, 2221-2295.

I. Langmuir, J. Am. Chem. Soc., 1918, 40, 1361-1403.

H. M. F. Freundlich, J. Phy. Chem., 1906, 385-470.

B. H. Hameed, J. Hazard. Mater., 2008, 154, 204-212.

C.Y. Yin, M. K. Aroua and W. M. A. W. Daud, Water Sci. Technol., 2007, 56,
95-101.

C.Y.Yin, M. K. Aroua and W. M. A. W. Daud, Water Air Soil Pollut.,2008, 192,
337-348.

L. M. Cui, Y. G. Wang, L. Gao, L. H. Hu, L. G. Yan, Q. Wei and B. Du, Chem.
Eng. Sci., 2015, 281, 1-10.

C.J. Madadrang, H. Y. Kim, G. Gao, N. Wang, J. Zhu, H. Feng, M. Gorring, M.
L. Kasner and S. Hou, ACS Appl. Mater. Interfaces, 2012, 4, 1186-1193.

W. Peng, H. Li, Y. Liu and S. Song, J. Mol. Lig., 2017, 230, 496-504.

S. Wang, X. Li, Y. Liu, C. Zhang, X. Tan, G. Zeng, B. Song and L. Jiang, J.
Hazard. Mater.,2018, 342, 177-191.

X. Li, S. Wang, Y. Liu, L. Jiang, B. Song, M. Li, G. Zeng, X. Tan, X. Caiand Y.
Ding, J. Chem. Eng. Data, 2016, 62.

99



Institut de Science et d'Ingénierie Supramoléculaires Faculty of Chemistry 3

Université

‘ H de Strasbourg ‘

Chapter 4.

Graphene oxide based mesoporous SiO.NH; hybrid for
fast and efficient removal of organic cationic

contaminants

In this chapter, we have developed a novel mesoporous silica - graphene oxide
hybrid material (SiO,NH,-GO) operating as highly efficient and rapid adsorbent for
removal of cationic organic dyes from water. The fabrication of such a three dimensional
(3D) SiO,NH,-GO composite has been achieved via the condensation reaction between
the amine units exposed on 3-aminopropyl-functionalized silica nanoparticles and the
epoxy groups on GO's surface resulting in homogeneous powder with large specific
surface area (405.5 m? g') and high pore volume (0.714 cm? g!'). As proof-of-concept,
Si0,NH,-GO was used for the removal from water of archetypical dyes such as methylene
blue (MB), rhodamine B (RhB) and methyl violet (MV) revealing outstanding maximum
adsorption capacity towards these organic pollutants reaching 300, 358 and 178 mg g’
for MB, RhB and MV, respectively at pH 10. Moreover, the adsorption process exhibit
that ~ 99.7 % of MB, RhB and MV have been removed and the equilibrium state has been
reached in 3 min. The accurate studies of the adsorption isotherms as well as the kinetics
of MB, RhB and MV from aqueous solution proved that the cationic dyes adsorb
immediately, in accordance with Langmuir adsorption isotherm and pseudo-second order
kinetics model. Finally, the composite was used in solid phase extraction (SPE) as column
packing material, for continuous water purification from aforementioned organic dyes,
thereby highlighting the great potential of SiO,NH,-GO for the large-scale removal of

cationic dyes from aqueous solutions.
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4.1. Introduction

The increasing contamination of aquatic systems with organic and inorganic
pollutants remains an emerging issue in the field of environmental science.! Since the dye
manufacturing was introduced, more than 100k water-soluble organic different dyes are
being used in a wide range of industries such as textile, paper, printing, leather, polymer,
cosmetics and others.> > Noteworthy, organic dyes are considerably toxic for health and
environment even in low concentrations,*® and may cause cancerogenic and mutagenic
effects, which can lead to health disorders such as dysfunction of the liver, brain and
central nervous system.> -8 It is well known that about 10-15 % of all dyes used in the
industry are lost in the wastewater during processing. Therefore, the development of

highly-efficient and low-cost purification methods is highly desirable.*"!"

Biodegradation
of organic dyes is time-consuming and ineffective, therefore adsorbents with high
(photo)chemical stability gained considerable attention in purification systems causing
development of high performance and eco-friendly materials for adsorption.!> '3 Among
various dye removal techniques, adsorption process based on capturing the adsorbate
(pollutants) by an adsorbent is attractive due to wide range of potential sorption materials
with high efficiency and affinity toward miscellaneous contaminants.!*!® Recently,
atomically thin two-dimensional materials (2DMs) gathered a great interest in the
scientific community due to their outstanding mechanical, electrical, optical and thermal
properties, combined with a high chemical stability.!” In particular, their highest surface-
to-volume ratio endorses these materials as suitable candidates for the efficient adsorption
of a wide range of contaminants.'3->! On the other hand, 2DMs are insoluble and difficult
to be dispersed in aqueous solutions due to their hydrophobic nature and tendency to
aggregated in aqueous solution via strong van der Waals interactions. Moreover, their
hydrophobic character also hampers the adsorption process of cationic dyes or heavy
metal ions from aqueous solution on their surfaces. In this context, the adsorption capacity
of 2DMs can be significantly increased by decorating them with functional groups.
Notably, graphene oxide (GO), an oxidized version of graphene with oxygen-containing
functional groups such as epoxy, carbonyl and carboxylic moieties provides a multitude
22-24

of facile functionalization possibilities as well as a good water dispersibility.

Therefore, GO-based nanomaterials have been recently considered as attractive
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candidates for sequestering pollutants from aquatic systems,?* 23

possessing superior
features over the other adsorbents such as activated carbon, which interacts with
pollutants e.g. water-soluble organic dyes via weak hydrophilic interactions resulting in
weak purification performance.”?® Moreover, oxygen containing groups may undergo
ionization or can act as electron acceptors, which allows the occurrence of electrostatic
interactions, m-n stacking and hydrogen bonding and eventually also ion exchange
between dye molecules and GO's surface.?”- 28 It was found that GO exhibits ultrahigh
adsorption capacity towards cationic dyes and outperforms other adsorbents. In particular,
the adsorption capacity of GO and other different forms like reduced GO (rGO), magnetic
graphene oxide (MGO) and reduced magnetic graphene oxide (MrGO) was studied by
Akrami et. al. for adsorb methylene blue (MB), which is one of the most widely used
cationic dye. Presented work exhibit the values to be as high as 116 mg/g (GO), 168 mg/g
(MGO), 82 mg/g (rGO) and 114 mg/g (MrGO).? Yet, the high dispersibility of GO in
water hampers its use in industrial systems since the residual GO cannot be easily
removed from post-adsorption dispersions and may cause secondary pollution. To
overcome this drawback, the functionalization of GO with organic and inorganic moieties
have been explored which resulted in a large library of GO-based materials exhibiting
strong adsorption affinity towards various pollutants.3*-*° In this case, the fabrication of
functionalized materials through covalent reactions between pristine GO nanosheets are
particularly attractive. Another major limitation of neat GO arises from its poor porosity,
which limits the number of available coordination sites. The problem can be potentially
overcome by covalently bridging GO layers with molecular pillars to form three-
dimensional macroscopic porous structures. Mesoporous silica, introduced in the 1990s
by Kresge,* is attracting a growing interest for water treatment chemistry due to its
various remarkable properties such as high specific surface area, large pore size, chemical
inertness. However, mesoporous silica itself does not exhibit high adsorption capacity
towards organic dyes. Yet, because of an abundant repertory of surface functional groups
it can be chemically tailored for excellent selectivity towards specific contaminants, good
stability and low-cost of production*'*** In this section, we report a facile and low-cost
method to produce novel GO-based adsorbent obtained via the condensation between 3-
aminopropylsilica particles (Si1O2NH>) and GO for the effective removal of cationic dyes

including methylene blue (MB), rhodamine B (RhB) and methyl violet (MV) from water
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(Figure 4.1). Different adsorption parameters were systematically studied including pH,
temperature, time and adsorption mechanism to gain in-depth insight into the adsorption
process. The adsorption kinetics and isotherms of MB, RhB and MV cationic dyes on
Si0,NH»>-GO material were estimated with the pseudo-first and -second order as well as
Freundlich and Langmuir isotherm model. Moreover, the SiO>,NH>-GO hybrid was used
as solid phase extraction (SPE) column packing material which allows achieving high
flow-rate with excellent recovery, precision and adsorption at the level of 99% of initial

dye content.

Figure 4.1. Chemical structures of the adsorbent (SiO2NH2-GO) and cationic dyes: methylene blue (MB)
rhodamine B (RhB) and methyl violet (MV).
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4.2. Materials and methods

4.2.1. Synthesis of SiO2NH>-GO

The fabrication of such a three-dimensional SiO,NH>-GO composite has been
achieved via the condensation reaction between the amine units exposed on 3-
aminopropyl-functionalized silica nanoparticles and the epoxy groups on GO surface.
The preparation method is similar to that presented above (chapter 3, section 3.2). A batch
of SiO>NH>-GO is prepared as follows: a mixture of ethanol (50 ml) and GO (50 ml, 4
mg mL!) was sonicated for 15 min and then suspension of 3-(aminopropyl)-
functionalized silica (1 g) dispersed in 200 ml of ethanol was added. The mixture was
rigorously stirred overnight under reflux. The precipitate was then filtrated and rinsed
with a large amount of water and ethanol. The resulting black powder was then freeze-

dried for 24h under vacuum.

4.2.2. Morphological characterization of SiO:NH2-GO

In order to understand the nature of the interaction between the Si0O,NH; and GO,
a multiscale analysis has been carried out. Scanning electron microscopy (SEM) was
employed to study the morphology of the multicomponent systems. The images in Figure
4.2a show that SiO,NH2-GO possess a homogenous porous structure. Energy-dispersive
X-ray spectroscopy (EDX) investigation (Figure 4.2b) provided evidence for the uniform
distribution of the SiO2NH: particles within the hybrid SiO2NH2-GO material.
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Figure 4.2. (a) Scanning electron microscopy (SEM) image displaying the morphology of SiO-NH2-GO,
(b) SEM image of SiO>2NH>-GO fragmented foam and EDX elemental mapping of carbon (C, blue),
oxygen (O, green) and silicon (Si, purple).

The porosity of SiO.NH>-GO was investigated by adsorption-desorption
isotherms of N> at 77K. It revealed a specific surface area, as calculated by Brunauer-
Emmett-Teller (BET) model, of 405.5 m?g"'. Such value is much greater than the one
quantified in the starting GO material which displays a specific surface area of ca. 108
m? g'!. The nearly four-fold enhancement in the specific surface area provides clear
evidence for the significant increase in the inter sheets spacing (Figure 4.3a). The average
pore size diameter, as calculated with the Barrett-Joyner-Halenda (BJH) model, amounts
to 70.4 A.

Fourier transform infrared spectroscopy was used to prove the covalent cross-
linkage of the SiO>NH; particles to GO (Figure 4.3b). The pristine GO displays typical
peaks corresponding to a variety of oxygen-containing functional groups. The peak at
1724 cm! is attributed to the C=0 stretching of carboxylic acid groups, 1624 cm™! to the
sp? C=C bonds, 1216 cm™ and 1054 ¢cm™! to C-O stretching of epoxy and alkoxy groups,
respectively and a broad band due to O—H stretching vibrations in carboxyl and alcohol
functionalities around 3390 cm™'.** The spectra of SiO2NH; exhibit very strong and broad
band at 1075 cm’' which is usually assigned to the Si-O-Si asymmetric stretching
vibrations, whereas the band at 801 cm™! corresponds to Si-O-Si symmetric stretching
vibrations. Once the aminosilica interacts with GO, a reaction between amine groups of
S10,NH> with epoxy units located on the plane of GO flakes takes place. As a result, the
reaction is accompanied by a strong decrease in the intensity of the C-O band with

appearance of strong and broad absorption at 1075 and 801 cm™', which was not
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monitored in the neat GO and corresponds to Si-O-Si bond from SiO;NH> material.
Moreover, additional adsorption slight peak appeared in SiO>NH>-GO at 1623 cm™! which
were assigned to the sp> C=C bonds. Such a result confirmed the structural integrity of
Si0,NH> whose architecture is well retained in the hybrid structures SiO,NH>-GO.

The crystallinity, and in particular the interlayer distance within GO and SiO.NH>-
GO were investigated by wide-angle X-ray scattering (WAXS). A typical sharp peak 260
at ~10.01° for pristine GO corresponds to an interlayer spacing of 0.87 nm due to the
(002) reflection of stacked GO sheets, in accordance with the previously reported value.*>
46 Additionally, an amorphous peak at 20 = 22.15° was recorded and corresponds to silica
particles characterized by variable Si-O-Si bond angles (Figure 4.3c). Upon
functionalization of GO with SiO,NHo, the 20 peak shifts toward lower angles 20 = 8.35°,
indicating higher interlayer distance 1.06 nm when compared to GO. Such shift clearly
confirms intercalation of silica particles in between graphene oxide interlayer space.
Moreover, the high intensity of broad peak coming from amorphous content confirms
significant amount of silica in SiO2NH>-GO hybrid material.

High-resolution X-ray photoelectron spectroscopy (XPS) measurements of
pristine GO and SiO>NH2-GO made it possible to gain further information onto the
chemical composition of materials (Figure 4.3d-f). The significant difference between the
carbon (Cls), oxygen (Ols) and nitrogen (N1s) peaks provided evidence for the chemical
bond formation between the oxygen-containing functional groups on the surface of GO
and amine groups from SiO;NHz. In particular, wide energy spectrum exhibited the
appearance of new peaks in SiO2NH2-GO hybrid material at 400.4 eV, 144.6 eV and
102.0 eV corresponding to Nls, Si2s and Si2p signals, respectively. The Cls XPS
spectrum of the neat GO (Figure 4.3d) shows three main peaks at 285 eV (C-C/C=C),
287.5 eV (C-0) and 289.4 eV corresponding to carboxylic species present on edges of
GO. In turn, the Cls spectra of SiOoNH>-GO clearly show changes in the chemical
structure of GO by introduction of SiO,NH; (Figure 4.3¢). Compared to GO, the Cls
spectra of SiIOoNH>-GO feature a new prominent peak at 286.2 eV, which can be assigned
to C-N bonds present in amino silica and also generated via the reaction of amine groups
with opening epoxy rings (Figure 4.3f).The high resolution Ols spectrum of SiO>2NH>-
GO indicates the presence of both Si-O and C-O peaks at 532.2 eV and 533.5 eV,

respectively also existing in Ols spectra of GO and SiO>NH> solely. Moreover, changes
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due to the introduction of nitrogen species within the GO structure are observed in the

high-resolution N1s spectra indicating the successful functionalization of SiO2NH> with

the GO nanosheets. The N1s spectrum of SiO.NH> can be deconvoluted into two main

peaks at 399.0 eV and 401.8 eV which can be ascribed to N-C and N-H bonds. Notably,

the amount of N-C bonds increases due to reaction between amine groups of silica with

epoxy-carbon atoms on GO's surface.
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Figure 4.3. (a) BET adsorption/desorption isotherm of N» for SiO,NH>-GO composite. (b) FTIR
spectra of GO, SiO,NH; and SiO,NH>-GO composite. (¢) XRD patterns of GO, SiO,NH; and
Si0,NH>-GO composite. Cl1s high-resolution XPS spectra of: (d) GO, (e) SiO.NH; and (f)
Si0,NH>-GO.
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The Si02NH»2-GO hybrid was further characterized by Raman spectroscopy which
is widely used for characteristics of carbonaceous materials. Raman spectra (Figure 4.4)
exhibit two prominent peaks of GO, i.e. the D band (1358 cm!) corresponding to sp*
hybridized carbon atoms and the G band (1592 cm™") originated from the scattering of the
E2 photon of the sp? hybridized carbon bond from the aromatic regions of GO.47 4
Comparably, in spectrum of SiO,NH>-GO the value of G band shifts to a lower
wavenumber, reaching 1586 ¢cm™!, thereby confirming the covalent functionalization of
the graphitic materials.*® Typically, chemical modification of graphene materials is often
characterized by the changes in the ratio of the D and G bands areas. As we can previously
describe the intensity ratio Ip/Ig is commonly used to determine the degree of
functionalization of graphene-based nanostructures.®® As the result of the
functionalization, the Ip/I intensity ratio increases from 0.93 to 1.12, offering an indirect

evidence of the increased content in sp* carbon atoms upon functionalization.

— GO 1592
1358

—— SiO,NH,-GO

Intensity

1000 1200 1400 1600 1800 2000
Wavenumber (cm )

Figure 4.4. Raman spectra recorded for graphene oxide and SiO2NH2-GO composite.
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4.3. Results

4.3.1. Adsorption of cationic dyes on SiO:NH:-GO using UV-vis

measurements

The adsorption of organic dyes on SiO2NH>-GO was carried out by mixing 5 mg
of adsorbent and 15 ml of dye solution at the desired concentration, then solution pH was
adjusted with HCI1 (0.1 M) or NaOH (0.1 M) to study the effect of initial pH. The mixtures
then were intensively stirred for 24 hours at room temperature to achieve the adsorption
equilibrium. The adsorbent was separated from the dye solution by centrifugation and the
equilibrium concentration of the dye in solution was determined by means of UV-Vis
spectroscopy. To investigate the superior adsorption capacity of the SiO-NH>-GO, batch
tests of the adsorption performance of SiO2NHz, GO and SiO>NH>-GO were conducted.
Three prototypical water-soluble cationic dyes were chosen, i.e. methylene blue (MB),
rhodamine B (RhB) and methyl violet (MV). The maximum adsorption capacity (gmax)
was investigated using previously presented mathematical relation of the organic
pollutant (dyes in this case) adsorbed by one gram of adsorbent to the equilibrium solution
concentration at constant temperature (Equation 1 in chapter 2). Both Freundlich and
Langmuir adsorption isotherm models were used for the analysis of organic dyes
adsorption (Equations 6 and 7 in chapter 2). Qmax and additional parameters obtained from

Langmuir and Freundlich isotherm models are summarized in Table 4.1.

Table 4.1. Parameters for Freundlich and Langmuir isotherm models for adsorption of MB, RhB
and MV on SiO2NH2-GO composite.

Freundlich Langmuir
Dye
n Kr R2 {qmax KL(X 1 0-2) Rz
MB 2.6+0.2 25.2+4 0.875 300+7 1.4+0.1 0.996
RhB 3.5+0.3 66.38+9 0.889 358+7 3.6+0.3 0.998
MV 2.5+1 16.65+1 0.984 178+8 1.7+0.2 0.989
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Noteworthy, that the adsorption isotherms of organic dyes on SiO>NH>-GO composite
are fitted better by Langmuir model than by the Freundlich, suggesting not exiting

monolayer coverage (Figure 4.5a-c).
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Figure 4.5. Uptake of organic dyes as the function of initial concentration of (a) methylene blue (b)
rhodamine B and (c) methyl violet. The uptake experiments were carried out at pH=10 (stirring speed 400

rpm, t=24h).

For the sake of comparison, control experiments, in which starting materials of
GO and SiO;NH:> are used as adsorbents, are also carried out and presented below in

Table 4.2 and Figures 4.6-4.7.

Table 4.2. Parameters for Freundlich and Langmuir isotherm models for adsorption of MB, RhB and MV
on SiO2NHz2 and GO compounds at pH = 10.

Freundlich Langmuir
Adsorbent | Dye 2 Kr R gmee | Ki(x1072) RZ

MB 2.9+0.4 8.9+2.1 0.867 68+3 1.9+0.3 0.989

SiO.NHa RhB 2.5+0.3 7.6£1.7 0.963 83+5 1.5+0.2 0.995
MV 2.4+0.4 3.7+0.7 0.931 44+2 1.4+0.2 0.997

MB 2.7+0.4 15.242.1 0.892 1417 1.6+0.2 0.991

GO RhB 3.1£0.5 23.3+6.2 0.899 15748 2.240.3 0.994
MV 3.0+0.3 11.842.5 0.911 8843 1.9+0.3 0.997
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Figure 4.6. The Langmuir and Freundlich adsorption models of MB, RhB and MV on GO.
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Figure 4.7. The Langmuir and Freundlich adsorption models of MB, RhB and MV on SiO>NHoa.

The maximum adsorption capacities using SiO,NH>-GO at pH 10 are 300 mg g*!
for MB, 358 mg g! for RhB and 178 mg g! in case of MV. The ¢max values expressed in
mmol g~ amount to 0.97, 0.79 and 0.42 for MB, RhB and MV, respectively, implying
that 1 g of SiO>2NH>-GO can adsorb from approx. 0.5 to 1 mmol of cationic dyes from

aqueous solutions. These values can be considered as very promising for the sorbents of
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cationic dyes compare to the previously reported chemically modified graphene
materials.?® 1 32 Noteworthy, while the overall charge of investigated dyes is nearly
identical, the maximum adsorption capacity expressed in mmol g' revealed the
significant difference between MB, RhB and MV. In general, carbonaceous materials
such as CNTs or activated carbons show the highest adsorption for MB, medium values
for MV and the lowest adsorption for RhB.?*3* This variation is commonly attributed to
the dye molecular size. For the larger dye molecules, adsorption can only occur at surface
and it is difficult for the dyes to enter into the inner smaller pores of carbons. Such dye
adsorption behavior is notably different for SiO.NH>-GO, where the maximum
adsorption capacity of three dyes follows the trend MB > RhB > MV. Noteworthy,
although in general the functionalization of GO results in formation of highly porous
structures, the pore sizes of such systems are rather low. This trend is also reflected in the
present case where the large surface area (405.5 m? g'!) is accompanied by pore size of
diameter of around 70 A, which limits the accessible area for large dyes (RhB)
penetration. On the other hand, the adsorption capacity of RhB on the SiO.NH>-GO
surface is supplemented by the strong electrostatic interaction resulting from the presence
of both positive and negative charges in RhB structure. Furthermore, the pKa values for
MB, RhB and MV are 3.8, 3.7 and 9.4, respectively.>> 3¢ As the maximum adsorption was
investigated at pH 10, MB and RhB are completely deprotonated at this condition while
MV might occur residual protonated groups which results in its lower adsorption

capability.
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4.3.2. Solid phase extraction (SPE) with SiO:NH:-GO

Currently exploited purification methods rely on time-consuming techniques
usually generating problems including secondary pollutions or separation difficulties.
Therefore, solid phase extraction process constitutes an attractive alternative for removal
of contaminants such as cationic organic dyes. Due to the high value of kinetic rate of
adsorption process, the high saturation uptake capacity, the optimal pore size and high
specific surface area as well as loose and powdery structure of obtained adsorbent we
opted to apply the SiO.NH>-GO as solid phase extraction column filling for rapid,
effective and continuous adsorption of presented organic dyes. As the column was loaded
with adsorbent, the filling was firstly activated with NaOH, to provide negative charge
on the surface and enhance effectiveness of adsorption process. The uptake of the cationic
dyes (MB, RhB and MV) from aqueous solutions were studied using as-prepared
SiO2NH>-GO material at the desired concentration and pH. The initial pH of solution can
strongly affect the surface charge of adsorbent by dissociation of functional groups on
active sites of GO as well as the ionization of organic dyes. The point of zero charge
(pHpze) indicates the value of pH which refers to neutral charge of adsorbent and
constitutes one of the key factors for understanding the adsorption on carbon-based

materials.?* >’ The point of zero charge of SiO2NH>-GO corresponds to 7.0 (Figure 4.8).

1,4

8 10 12

(=}

N

1
N=s

[T

initial pH

Figure 4.8. The chart presenting estimation of the point of zero charge pHypzc.
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Thus, at pH>7 (pH>pHp.c), the surface charge of composite is negative. As a
consequence, the significant adsorption process is observed at pH>7 because the
electrostatic interactions between the cationic dyes and SiO>NH>-GO become stronger.
Comparably the adsorption capacity of MB is almost ~5.2 times greater at pH=10 than
value obtained in acidic conditions. Notably, dramatic difference is observed for MV,
where basic conditions allow to increase the adsorption capacity even 33 times.
Reusability of the column filling was conducted following the procedure
described in previous section. As presented on Figure 4.9, the removal efficiency
decreases about 7% after first 2 cycles. Further experiments showed that each cycle
causes a slight decrease of adsorption capacity, which might be explained by the
collapsing of pores due to high volumetric flow of analyte over the experiments (~4L per
cycle) resulting in lower pore volume after adsorption. After 10 cycles the system is still
able to adsorb from approx. 0.3 to 0.5 mmol of cationic dyes from aqueous solutions,

which is more than 60% of initial adsorption capacity.

100
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o
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1 2 6 7 8 10
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Figure 4.9. Reusability studies of SiO2NH-GO after 10 cycles.

To gain further insight into the adsorption process, the effect of pH was analyzed
and FTIR spectra after adsorption were recorded. The effect of pH on the adsorption rate
of MB, RhB and MV on the SiO,NH,-GO was examined at pH ranging from 2 to 12. The
adsorption capacities with different pH are presented in Figure 4.10. At low pH conditions

(pH=4) only approx. 20% for MB and RhB and less than 35% for MV of the initial dyes
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were removed, with further increase in pH value the adsorption efficiency increases. MB,
RhB and MV are cationic dyes, which were favorably adsorbed through electrostatic
interactions with negatively charged functional groups on the surface of SiO,NH,-GO
composite. Alongside, the planar structure of GO favours the presence of m-7t interactions.
In our case organic dyes can act as m-electron acceptors of residual m-electron rich regions
of graphene oxide providing co-participation of 77t stacking in adsorption mechanism

previously reported for graphene based nanostructures.’:>

1001 o s
- RhB
c 80— -+ w
S
2 60-
(o]
S 404
<
S 204

2 3 4 5 6 7 8 9 10 11 12
pH

Figure 4.10. Uptake of organic dyes as the function of initial concentration conducted at different pH

values. Blue columns represent methylene blue, pink - rhodamine B and violet — methylene violet.

On the other hand, we have used FTIR to monitor the interaction between dyes
and SiO2NH2-GO in the solution (Figure 4.11). The spectra recorded after adsorption of
dye displayed a significant increase of the peak at 3418 cm™! which can be attributed to
presence of hydrogen bonds and indicates that such interactions might be also important
in organic dyes adsorption. Moreover, after adsorption of MB there is a slight shift from

1607 to 1601 cm™! corresponding to C=C bonds and confirming n-w interactions.
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Figure 4.11. FT-IR spectra before and after adsorption of methylene blue (MB) on SiO-NH2-GO

composite.

Unfortunately, understanding the exact adsorption mechanism is a more complex task,
which is beyond the scope of this work. However, it is fair to conclude that the
aforementioned results suggest that tested cationic dyes can be easily adsorbed via
electrostatic interactions and this type of interactions play a significant role in the
adsorption of MB, RhB and MV on the SiO2NH>-GO. In according to kinetic studies, the
experimental values of adsorption capacity and linear regression coefficient showed that
the adsorption of cationic dyes is better fitted by pseudo-second order kinetics, which
indicate that the adsorption process is driven by the strong surface complexation of
cationic dyes with the oxygen and nitrogen containing groups of SiO>NH>-GO.

The thermodynamic analysis such as standard Gibbs free energy change (AG°®),
the enthalpy change (AH®) and entropy change (AS°) were calculated for better
understanding of the nature of adsorption behavior (see chapter 2, Equations 11-13). The
values of 4H” and 4S° can be calculated from the slope and intercept, respectively by

plotting the values of /nK, vs. 1/T (Figure 4.12).
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Figure 4.12. The linear curve of InKq4 vs 1/T for MB, RhB and MV adsorption to determine

thermodynamic parameters.

The thermodynamic parameters from the fitting line such as Gibbs free energy change
(G°), the enthalpy change (4H°), the entropy change (4S5°) and correlation coefficient (R?)
are listed in Table 4.3.

Table 4.3. Thermodynamic parameters for adsorption of cationic dyes (MB, RhB, MV) onto SiO2NHo-
GO composite.

AG® AH® AS®
Dye T(K) R?
(KJ mol™) (KJ mol) (KJ mol K1)

298 2.7

MB 313 37 -19.6 74.9 0.994
333 5.3
298 0.3

RhB 313 2.4 -52.6 177.1 0.992
333 6.5
298 5.4

MV 313 3.0 -38.8 112.9 0.997
333 1.4

The negative values of 4G° confirmed the spontaneous nature of the adsorption process.

The distribution ratio (K4) of cationic dyes onto SiO;NH2-GO composite are decreased
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with the increase in temperature, implying that the adsorption process is exothermic,
which was further confirmed by the negative values of AH®. On the other hand, the
positive values of 45° shows the increment randomness at the surface of adsorbent during
the adsorption process which can be reflected by the affinity of the SiIO>NH>-GO for the
cationic dyes.

A kinetic investigation of the adsorption process can be accomplished by
evaluating the rate and mechanism of mass transfer of adsorbate from liquid phase to
solid adsorbent surface. The time required to reach equilibrium is an important parameter
for dye removal. The pseudo-second-order kinetics model has been extensively used to
predict dye adsorption kinetics.?® It reveals that the adsorption displays a remarkable
increase at the beginning of the experiments and then it reaches a plateau. To establish
the time dependence of adsorption process, the adsorption capacitance of SiO.NH>-GO
for MB, RhB and MV solutions of initial concentrations of 50 mg g™ at diverse contact
time were measured. Figure 4.13 presents that the initial rate of cationic dyes adsorb
increased sharply with time and reached a maximum ~99.7% within 3 min, and then it
reaches a plateau. This result indicates that a monolayer of dye molecules at the surface
on the SiO,NH>-GO composite is formed. When the initially fast adsorption process is
over, the dyes adsorption kinetic rate was adjusted by mass transport in the composite

material 6! 62
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2
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8
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Figure 4.13. Time dependent organic dyes sorption on SiO2NH2-GO material (Co= 50 mg g!' T= 25 °C,
stirring speed = 300 rpm, pH = 7).
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The experimental values of adsorption capacity and linear regression coefficient showed
that the adsorption of cationic dyes is better fitted by pseudo-second order kinetics (Figure
4.14b) than pseudo first order kinetics (Figure 4.14a), which indicate that the adsorption
process is driven by the strong surface complexation of cationic dyes with the oxygen and

nitrogen containing groups of SiO2NH»-GO.
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Figure 4.14. The kinetic plots obtained by a) pseudo-first and b) pseudo-second order model reactions.

Additionally, the calculated kinetic parameters for adsorption of MB, RhB and MV dyes
at pH 10 are listed below in Table 4.4.

Table 4.4. Coordination kinetic rate constants and unit adsorption capacity of functionalized graphene

oxide material (SiO2NH2-GO) towards cationic dyes (MB, RhB, MV).

Pseudo-first order model Pseudo-second order model
Dye ge(exp)
R? kix [102] qe R? k2x [102] qe
MB 0.921 41+03 584+4.4 0.998 0.95+0.13 456+2.2 425+2.1
RhB 0.989 25+£0.2 254+1.9 0.992 0.73+0.11 28.1+1.5 283+14
MV 0.988 1.5+0.1 221+1.3 0.993 0.21 £0.04 21.1+1.1 202 +1
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4.4. Conclusions

In summary, we have presented an easy and effective approach towards synthesis
of SiO,NH>-GO composite, and its high efficiency for removal of cationic dyes from
water. Various complementary characterization methods were employed to confirm the
covalent attachment of 3-aminosilica-functionalized silica to GO. The novel porous
material, with its high specific surface area (405.5 m? g!), exhibited high affinity toward
cationic organic pollutants. The adsorption experiments show that cationic dyes (MB,
RhB and MV) can be quantitatively adsorbed at pH 10 with maximum adsorption capacity
as high as 300, 358 and 178 mg g!, respectively. Moreover, the obtained composite
exhibited the high value of kinetic rate and was additionally efficiently investigated
toward continuous adsorption from aforementioned organic dyes as column filling in
solid phase extraction process. Noteworthy, the presented system displayed excellent
adsorption efficiency of ~99.7% for MB, RhB and MV in 3 min, stability and reusability
toward removal of cationic organic dyes paving the way to development silica-GO based

materials of high-efficiency and low-cost water purification technologies.
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Chapter S.

Electrical properties of novel polyoxometalate-

surfactant-graphene hybrid materials

The development of novel materials for enhanced electrochemical energy storage
applications, in particular for the fabrication of supercapacitors (SCs) displaying
increased properties, is a milestone of both fundamental and technological relevance.
Among nanostructured materials, polyoxometalates (POMs) combined with various
carbon-based nanostructures represent a very promising class of hybrid systems for
energy storage, yet, guidelines for their rational design and synthesis leading to high-
performance SCs is still lacking. In this chapter we will discuss the production of a novel
hybrid architecture based on Keplerate type POM (Mo;s,) functionalized with
dodecyltrimethylammonium  bromide (DTAB), which upon mixing with
electrochemically exfoliated graphene (EEG) nanosheets results in the formation of
porous 3D superstructures. Mo,3,-DTAB-EEG combines the redox activity of POMs and
high electrical conductivity of graphene, all synergically mediated by the surfactant-
assisted porosity enhancement, to form new electrode materials for SCs. Cyclic
voltammetry and galvanostatic charge/discharge electrochemical studies revealed that the
unique combination of these three components yields highly efficient energy storage
materials. In particular, our highly porous hybrids system exhibits high specific
capacitance of 65 F g (93 F cm™, 93 mF cm™) combined with excellent stability (99% of
specific capacitance retained) after 5000 charge/discharge cycles at different current
densities, overall displaying significantly improved performance compared to pristine
electrochemically exfoliated graphene material. High-resolution transmission electron
microscopy analysis presented in this chapter was carried out in the collaboration with
Dr. Luca Ortolani and Prof. Vittorio Morandi from CNR-IMM Bologna (Italy). SCs
discussed in this chapter have been produced and analyzed under the supervision of Dr.

Zhaoyang Liu from the Nanochemistry Lab (ISIS, Strasbourg).
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5.1. Introduction

Although great effort has been devoted towards the development of high efficient
fuel cells and lithium-ion batteries in the past years,! the low energy capacity and slow
power capability are still significant limitations for wide-use applications of existing
technological systems. Therefore, real exploitation of sustainable energy requires to
develop novel high-performance and robust energy storage devices. Recently,
supercapacitors defined as a new class of energy storage devices have drawn great
attention due to the rapid charge/discharge, outstanding lifetime and unique stability. In
principal, supercapacitors also known as the electrochemical capacitors are constructed
from two highly porous electrode immersed into electrolyte solution and separated by
insulator to prevent the transfer of energy between them. While external electric field will
be applied to the electrodes, negative and positive charges start collecting on their
surfaces. Supercapacitors can be classified into three groups, due to their energy storing

principles as shown on Figure 5.1.

| Supercapacitors |

Electric Dou'ble- [ Pseudocapacitors
Layer Capacitors

Activated |Carbon Aerogels I Conducting | Metal Oxides I
Carbons Polymers

Carbon Hybrid
Nanotubes Capacitors
Composite Asymmetric 'Battery-Type .....
Hybrids Hybrids Hybrids

Figure 5.1. Taxonomy of supercapacitors. Reprinted with permission.*

The former called electrical double layer (EDL) relies on the mechanism which involves

the accumulation of electric energy without any electron transfer between the electrodes.
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The collection of charge is the consequence of the electrostatic interactions into
Helmholtz double layer at the interface between electrodes and electrolyte. The standard
electrode introduced in EDL supercapacitors are mainly based on carbonaceous materials
such as activated carbon, carbon nanotubes and graphene which is one of the promising
candidates for EDL supercapacitors.® This gapless semiconductor 2DM possess
abovementioned exceptional electrical, mechanical and thermal properties, which give it
enormous potential to improve the performance of the storage devices. To date, it has
been shown that supercapacitors based on graphene are characterized by high capacity,
rapid release of energy and a short time of re-loading.® The next group, called
pseudocapacitors store energy through a redox faradaic reaction between electrolyte and
electrode, which occurs on its surface. The typical pseudocapacitive electrode materials
are metal oxides (e.g. MoQOs;, MnO», RuO, NiO)”"!° and conductive polymers (e.g.
polyaniline, polythiophene).!!'> Due to the higher energy density of metal oxides
pseudocapacitors compared to the carbon materials EDL capacitors, the former is
extensively studied as electrodes in supercapacitors. One of the very interesting family of
compounds based on metal oxides are POMs, which consists of two main subunits:
transition metal ions on the highest oxidation state (Mo®", V>*, W%, Nb*) and terminal
oxygen atoms that act as a bridge for other ions and ligands. This is due to their high
molecular weight, high negative charge, very good solubility in polar solutions and high
redox potential. Noteworthy, POMs reveal Faradaic charge-storage applications without
disruption of their durable structure. Unfortunately, this type of materials is characterized
by low electrical conductivity and the low diffusion of lithium ions. To overcome this
drawback, the introduction of conductive materials such as graphene is needed. This not
deeply explored type of pseudocapacitors mixed with carbon-based materials called
hybrid supercapacitors possesses synergically linked both EDL and pseudocapacitive
mechanisms, which is characterized by improved energy density and the specific
capacitance of the electrode.

In order to enhance the device performance, including energy capacity, power
density and recharge time, the ability to effectively control the electrodes nanostructure
is essential.'”> Such a control can be achieved in POM based surfactant encapsulated
clusters.'* Noteworthy, although over 10 different topological types of POM architectures

can be designed,'> to date research on their application as SC materials was limited to the
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prototypical Wells-Dawson and Keggin building blocks.'® 7 While polyoxometalates
may act as electron acceptors/donors to accelerate electron transfer and improve the
overall conductivity of hybrid structures, their interaction with carbon-based materials is
relatively weak, ultimately affecting the stability of the POM-based hybrid structures. To
overcome this issue, herein we introduce for the first time the use of the Keplerate type
polyoxometalate Moi32, i.e. POM bearing 42 negative charges on its outer-sphere surface,
that can be easily functionalized with a surfactant exposing long alkyl chains. Such
molecules are known to possess a high adsorption energy on carbon-based surfaces which
can be key towards the generation of stable, graphene-supported electroactive material
for supercapacitors. The use of a facile, two-step synthetic methodology relying on
surfactant-encapsulation made it possible to synthesize Mo132-DTAB cluster (with Moi32
being (NHi)s2[Mo"72M0V600372(CH3COO)30(H20)72] and DTAB consisting of
dodecyltrimethylammonium bromide).!® ! Such hybrid system upon combination with
the electrochemically exfoliated graphene (EEG) forms novel porous hybrid Mois»-
DTAB-EEG. Enhanced supercapacitive performances of the Moi32-DTAB-EEG
compared to EEG were recorded, which can be ascribed to higher porous nature of the
novel POM based composite in combination with its excellent electrochemical stability
when subjected to cycling in acidic aqueous environment (1M H2SOj4). Thus, a simple
and efficient methodology is provided that relies on two energy storage mechanisms,
EDL originated from EEG and pseudocapacitance resulting from Moisz, synergically

mediated by the DTAB surfactant.
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5.2. Materials and methods

5.2.1. Electrochemical exfoliation of graphene (EEG)

In this subchapter, we presented the methodology of production of EEG under
anodic conditions by employing a typical electrolytic cell. The electrolytic cell was
obtained by using some basic components such as a graphite foil as anode and a platinum
wire as cathode immersed in an electrolyte. In the presented experiments we exploited
ammonium sulfate (NH4)2SOy4 as electrolyte water solution at a concentration of 0.1 M.
The exfoliation of graphite cathode in the form of foil appears as direct effect of the used
electric voltage between the two electrodes arranged at a distance of ca. 2 cm. Using of
ISO-TECH IPS-603 DC power supply, we employed electric voltage of +15 V which
produce a starting current of around 0.4 A. After several minutes the produced powder
was collected via vacuum filtration process on PTFE membranes with 5 um pore’s
diameter and few rinsing steps was needed to remove salt residuals. Obtained EEG was

dried in vacuum oven for 24h.

5.2.2. Preparation of Mo132, M0132-DTAB, Mo13:-DTAB-EEG composite

Keplerate type polyoxometalate Mo132 was synthesized according to the procedure
previously reported by Miiller and co-workers.?° Hydrazine sulfate salt (N2Hs x H2SO4)
(0.8 g, 6.1 mmol) was added to a solution of ammonium heptamolybdate tetrahydrate
((NH4)sM07024 x 4H20) (5.6 g, 4.5 mmol) and ammonium acetate (CH;COONH,) (12.5
g, 162.2 mmol) in H>O (250 mL). The solution was vigorously stirred for 10 min and
50% CH3COOH (83 mL) was then added. The green reaction solution was stored in an
open Erlenmeyer flask at room temperature without further stirring. After few days the
color was changed and the precipitated red-brown crystals were filtered off over a glass
frit membrane washed with 90% ethanol and diethyl ether, and finally dried in air. The
preparation of the POM-surfactant (Mo132-DTAB), hybrid material was carried out by
exploiting the methodology previously described.?! The amount of 4 g of the precursor

Mo,;; (0.14 mmol) were dissolved in H,O (400 mL) to give a dark brown solution. To
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this solution was subsequently added a large excess of DTAB -
dodecyltrimethylammonium bromide surfactant (6.5 g, 21 mmol) solubilized in
chloroform (400 mL) under vigorous stirring during 3 hours at room temperature. After
almost complete extraction of POM into the organic phase, the latter is separated by
decantation and absolute ethanol (about 400 mL) is added, provoking the precipitation of
the target compound as a black powder which was isolated by filtration, washed with
ethanol and dried in air. The obtained complex (Mo132-DTAB) has a chemical formula of
(CH3(CH2)11N(CH3)3)40(NH4)2[M01320372(CH3CO0)30(H20)72] x 40H20 as determined
by elemental analysis.?? To graft the Mo132-DTAB molecules onto the surface of graphene
(EEG), an acetone (100 ml) solution on Mo132-DTAB (100 mg) was added to DMF
(100ml) suspension of EEG (100 mg) under vigorous stirring at the room temperature for
12 hours. After allowing the mixture to stand for 3 hours, the solution became colorless
and a black precipitate was formed which almost indicates that all the Moi3>-DTAB
molecules were grafted onto surfaces of graphene. Finally, the precipitate was isolated by
filtration, a membrane with a pore diameter of 5 pm, and subsequently was washed with

ethanol and acetone several times and dried in air.
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5.2.3. Preparation of Mo13:-DTAB-EEG electrode and electrochemical

measurements

The supercapacitor working electrode was fabricated by mixing 80 wt% Mo;s,-
DTAB-EEG, 10 wt% carbon black and 10 wt% poly(tetrafluoroethylene) binder
dispersed in water. After sufficient grinding the mixture in ethanol, the obtained paste
was pressed onto a platinum mesh which served as current collector, followed by drying
in a vacuum oven for 6 hours. Electrochemical measurements, including cyclic
voltammetry, were performed with a PGSTAT204 instrument (Autolab). The
electrochemical capacitive of Mo;;,-DTAB-EEG was evaluated in a three-electrode
system, applying 1 M H,SO; as electrolyte, platinum plate and Ag/AgCl (saturated KCl)
as the counter and reference electrodes, respectively. The scan rates varied from 1 mV/s
to 100 mV/s. The specific capacitance is normalized by the weight of Mo,;,-DTAB-EEG.
The stability tests were performed at 100 mV/s for 5000 cycles. All electrochemical

experiments were carried out at room temperature.
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5.3. Results

5.3.1. Chemical and structural composition

Mo, is a POM nanocapsule displaying an icosahedral symmetry and comprising
over 500 atoms, being arguably one of the largest spherical POM ever produced.? Since
its first successful synthesis by Miiller,® this building block attracted a great interest
because of its structural and catalytic properties.>* 2> Hitherto, only one article reported
on the use of Mo, as composite component in metal oxide semiconductor
photoelectrodes.?® This is surprising, especially given that the redox electronic properties
of Mo,;; and its inherent porous structure are key characteristics which makes it ideal
component for the generation of efficient SC devices. This prompted us to focus on this
species to construct novel, electronically active hybrid materials and ultimately prove that
the Keplerate clusters are promising class of POMs that are worth further studies towards
energy applications. Size of Mo,;, POM allows one to utilize its inorganic core for the
effective formation of large surfactant-encapsulated clusters (SECs), effectively leading
to decoration of POM with notable number of surfactant molecules. We have thus
demonstrated herein a facile protocol for the fabrication of Mo;;,-DTAB-EEG hybrid
system, with dodecyltrimethylammonium bromide (DTAB) as the surfactant of choice.
The role of the DTAB surfactant is crucial in the process of Mo,;,-DTAB-G formation,
since DTAB molecules not only increase the strength of van der Waals interactions
between the Mo, and electrochemically exfoliated graphene, but also results in
synergically increased porosity of the Mo;;,-DTAB-EEG and thus enhanced
supercapacitive performance of the hybrid material. In theory it should be possible to
screen a variety of different surfactants (surfs) to form a relevant family of Mos,-surf-
EEG hybrids, though it would be difficult to pre-determine which surfactant would be the
most suitable for the electrochemical applications. Noteworthy, the influence of the
surfactant on the morphology of obtained surfactant encapsulated clusters (SECs) is
known phenomenon and could result in the synthesis of assemblies of different porosity, or even
preclude the formation of SECs per se.'* We have performed such preliminary studies by

using four different surfactants, i.e. DTAB- dodecyltrimethylammonium bromide,
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DDAB - didodecyldimethylammonium bromide, DODA- dioctadecyldimethyl
ammonium bromide, TODA - octadecyltrimethylammonium bromide, accounting for
different number and length of employed organic chains. Certain synthetic problems were
encountered that concern the phase purity and homogeneity of synthesized species with
DDAB and DODA as the surfactant, which resulted in successful formation of two
hybrids materials with one alkyl chain (Mo,;,-DTAB-EEG, Mo,3,-TODA-EEG). Initial
electrochemical tests showed that Mo,;,-DTAB-EEG is far superior material than Moy s,-
TODA-EEG, therefore the former one was used for further research. Mo;;,-DTAB-EEG
hybrid material can be efficiently generated by exploiting a self-assembly protocol which
relies on two different types of non-covalent interaction: (a) Mo;3;,-DTAB system can be
formed by using electrostatic interactions holding together the Keplerate POM Mo, and
the DTAB surfactant, and (b) the grafting of Mo,;,-DTAB onto the electrochemically
exfoliated graphene nanosheets (EEG) via van der Waals type interactions. Noteworthy,
the use of one-pot reaction, with all three components mixed together simultaneously, led
to disordered structures; therefore, a two-step synthesis has been employed to guarantee
homogenous dispersion of the component in the hybrid structure.

The morphology and the chemical structure of the prepared hybrid material was
confirmed using comprehensive analytical methods (e.g. FTIR, TGA, SEM, HR-TEM,
BET). Both high-resolution transmission electron microscopy (HR-TEM) and SEM
techniques indicates further proofs of the successful dispersion of the Mo132-DTAB into
the EEG matrix. HR-TEM analysis proved that the surface of the electrochemically
exfoliated graphene sheets is covered with 3D features of Mo132-DTAB substrate (Figure
5.2a) Moreover, HR-TEM characteristic showed that plenty of Mo132-DTAB moieties are
partially arranged onto the surface of EEG sheets. The POM-surfactant clusters observed
as a darker regions were spaced by a distance consistent with two surfactants unit (2.9
nm), as already presented in other POM functionalized materials.?’” Moreover, SEM
image presents that Moi3>-DTAB-EEG possess a highly porous and homogenous
structure (Figure 5.2b), which is very appealing for increasing the electron transport while

preserving good ionic conductivity.
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Figure 5.2. a) HR-TEM and b) SEM images of the Mo132-DTAB-EEG.

On the other hand, a high specific surface area combined with a porous structure
provides one of the important features necessary for the improvement of high-efficient
composite materials used as electrode in energy storage applications.?® ?° The obtained
hybrid material is characterized by extremely high (in comparison to individual
components) specific surface area and amounts to 321.9 m?/g calculated by Brunauer-
Emmett-Teller (BET) isotherm method (Figure 5.3a). The significant growth in the active
surface of the composite is related to the incorporation of the POM-surfactant moieties
between the successive graphene sheets. In comparison to many recently reported
carbon/polyoxometalate hybrid materials, the specific surface area of Mo13.-DTAB-EEG
is significantly higher.3% 3! The porous nature of obtained hybrid material was studied
using the pore-size distribution analysis presented in Figure 5.3b which confirm
mesoporous structure, with average pore size diameters being 4.18 and 5.42 nm.
Moreover, the pore volume of Moi3-DTAB-EEG does significantly increase after
functionalization with electrochemically exfoliated graphene, which is required during

interaction the porous electrodes with ions in the electrochemical process.
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characteristic bands of Mo,3; are found in spectra of Mo,3,-DTAB and Mo,;,-DTAB-EEG
at 721,798, 864 (Mo-O-Mo) and 979 cm!' (M0=0).2> Such result confirmed the structural
integrity of polyoxometalate (Mo,3,) whose architecture is well retained in the hybrid

structures (Mo;3,-DTAB and Mo,s,-DTAB-EEG).
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Figure 5.4. FT-IR spectra of Moi32, Mo132-DTAB and Mo1:-DTAB-EEG
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DTAB-EEG was firstly characterized by TGA and XRD, as shown in Figure 5.5. The
Mo132-DTAB-EEG curve (Figure 5.5a) displays a weight loss of. ca. 9% between room
temperature and 170°C, in agreement with the loss of the solvation water molecules and
those located within the cavity of the cluster. Sharper mass percentage drop is monitored

around 350°C which can be associated to the decomposition of the DTAB. XRD powder
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analysis of Mo132, Mo132-DTAB, DTAB and Mo132-DTAB-EEG systems was performed
to confirm the identity of the microcrystalline samples, including their phase purity
(Figure 5.5b). In general, flattening of XRD signals that come from POM and DTAB
surfactant prove that the material is homogenously dispersed in the EEG matrix. Two
distinct broad peaks centered at a 20 angle of 23.9° and 41.3° appeared, which are
characteristic of carbon materials and specifically correspond to the (002) and (001)
planes of graphene, respectively.’? No peak related to the crystal structure of Mois2-
DTAB or the sole DTAB is observed, which highlights the absence of Mo13>-DTAB
superstructures, i.e. agglomerates formed via self-assembly of neat Mo132-DTAB clusters.
Such evidences demonstrated that Mo,;,-DTAB clusters are uniformly distributed over

graphene nanosheets, thus yielding the desired product.??
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Figure 5.5. (a) TGA analysis and (b) XRD powder graph of Moi32, Mo132-DTAB and Moi3-DTAB-EEG.
Graph (b) was normalized according to the Moi132-DTAB-EEG sample.

High resolution X-ray photoelectron spectroscopy (XPS) was performed to gain
further information onto the chemical composition in the hybridmaterialcomprising
Moi32-DTAB and electrochemically exfoliated graphene (Figure 5.6). For the Moisz-
DTAB-EEG modified samples C, O and Mo still appeared as the major surface
components (Figure 5.6a). As shown in Figure 5.6b, the presence of our peaks at 231.09,
232.36,234.28 and 235.42 eV corresponding to 3ds» and 3ds), indicated that the valence
state of Mo in the Mo13,-DTAB-EEG are +V and +VI,** 35 and unambiguously confirm
the presence of Moz, in the Moi32-DTAB-EEG hybrid material. Moreover, by
deconvoluting the high-resolution C 1s spectrum (Figure 5.6¢c), the presence of three
carbon-containing functional groups was observed which can be assigned to single

bonded carbon-carbon (C-C284.7 eV), epoxy groups (C-O 285.6 eV)and carboxylic
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moieties (O=CO 288.1 e€V).*® According to N1s spectrum (Figure 5.6d), two peaks with
binding energies of 398.4, and 401.8 eV were identified, which are associated to amine
bond (C-N) and quaternary ammonium group (-NR3"),3” indicating the successful coating
of Mo132-DTAB on the surfaces of EEG sheet. These type of functional groups can
efficiently improve the electrical conductivity and induce a pseudocapacitance that should
remarkably improve the capacity of supercapcitors. The presence of N species on the
graphene surface could generate high pseudocapacitance by mechanisms of acting as
electron donor to attract protons or enhancing charge density ofthe space charge layer

strengthening the redox reactions of N-containing functional groups.’® *°
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Figure 5.6. XPS spectra of Mo,3,-DTAB-EEG: (a) wide range survey, and high-resolution (b)Mo 3d, (c)
Cls and (d) N1s.
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5.3.2. Adsorption of alkali metal ions on Mo13:-DTAB-EEG using FAAS

measurements.

As we know, the POMs possess ability to adsorb alkali metal ions (including Na*,
Li"), which makes them promising platforms for building advanced electrical materials.
Therefore, initially the project was targeted on the investigation of our material towards
alkali metal sorption. Preliminary results based on XPS analysis (Figure 5.7) showed that

the Mo132-DTAB-EEG composite can adsorb some amount of alkali metal ions (sodium).

Nails — Mo,3,-DTAB-G

Intensity

T T T T T T T T
1076 1072 1068 1064
Binding energy (eV)

Figure 5.7. XPS wide energy spectra of Mo132-DTAB-EEG after adsorption process of sodium ions.

Maximum adsorption capacity gma value of calculated using previously presented
methodology (see chapter 3 and 4) amount to 56 mg/g. After careful further analyses, the

project has been altered because of weak adsorption capacity in comparison to the starting

materials.
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5.3.3. Electrochemical study

Presented synthetic method makes it possible to exploit the unique redox
characteristics of the POM counterpart by simultaneously maximizing its effective
surface area upon grafting onto graphene sheets via the DTAB surfactant. Such
advantageous combination of different properties can be expected to favor the specific
capacitance and thus enhance the electrochemical performance of the supercapacitor
when Moi3-DTAB-EEG is employed as electrode material. The electrochemical
properties of the Moi;>-DTAB-EEG was studied using a three-electrode system
assembled in electrolyte (IM H»SO4), whereas Ag/AgCl employed as the reference
electrode and a platinum wire was serving as a counter electrode. The cyclic voltammetry
analysis presents the high value of gravimetric specific capacitance amount to 65 F/g
reached at scan rate of ImV/s (Figure 5.8a), which is comparable with previously reported
in the literature graphene-POM composites.*® Noteworthy, the high molecular weight of
huge spherical Keplerate clusters is able to restrict the gravimetric capacity, that is why
surface and volumetric capacities are also presented as a more practical comparison
parameters (93 F cm ™, 93 mF cm?). Additionally, significant growth in those values was
observed in comparison to the pristine graphene prepared via different methodologies
(values in the range from 0.51 to 2.3 mFem™ and from 3.1 to 17.9 Fem2).*! Presented
increase can be caused by high redox potential of polyoxometalate cluster and the
improved specific surface area of the Mo132-DTAB-EEG hybrid material.

The specific shape of the CV curves and the improved performance of novel
hybrid electrode in comparison with the sole EEG shows that combination of both
electrochemical mechanisms (EDL and pseudocapacitance) is present herein. The former
mechanism occurs between the monovalent metal ions and the negatively charged surface
of electrode is mainly rendered by EEG, which is characterized by high electrical
conductivity. The latter pseudocapacitance mechanism is a result of the reversible surface
redox reactions between the electrolyte and the electrode, which contain the Moz POM
cluster. Important to note, the presence of surfactants (DTAB) in the structure of organic-
inorganic hybrid material helped to incorporate electroactive moieties, thus giving a
graphene-based hybrid material with unique stability and without electrochemical

drawbacks of the individual components (POM — low electronic conductivity; EEG —
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limited charge storage capability). The detailed electrochemical cycling stability test of
Mo13>-DTAB-EEG at a scan rate of 100 mV s! confirm that cycling does not cause
significant degradation. After up to 5000 cycles the hysteresis loop doesn’t change its
shape (Figure 5.8b) and there is no obvious capacitance drop (ca. 99 % capacitance
retention) as presented in Figure 5.8c, which indicates excellent electrochemical stability

of the obtained Mo132-DTAB-EEG system.
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Figure 5.8. a) Comparison of specific capacitance vs scan rate for Mo132-DTAB-EEG. Electrochemical
cycling stability of Mo132-DTAB-EEG electrode material, b) CV curves and c) capacitance retention

measured at a scan rate of 100 mV s..

The abovementioned results show that the Keplerate type POM Moi32 can be used to
tailor novel Moi32-DTAB-EEG composite material with effective energy storage
performance. The Moi13,-DTAB-EEG was obtained using a facile and fast two-step
synthetic route which focuses on the exploitation of DTAB to form the surfactant
encapsulated cluster (SEC) Moi132-DTAB. The next step concern formation a Moi3»2-
DTAB-EEG composite using van der Waals interaction between the EEG and SEC
cluster, which present synergically enhanced porosity and thus increased supercapacitive
efficiency. The presented hybrid material exhibits rich redox properties, with
simultaneous high electrochemical stability of the system which may find very interesting

application as electrode materials in the production of supercapacitors.
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5.4. Conclusions

In summary, we have demonstrated for the first time that the Keplerate type
polyoxometalate Mo,;, can be used to tailor novel Mo,3;,-DTAB-EEG hybrids as electrode
materials for supercapacitors. The hybrid material was generated by exploiting of a simple
two-step synthetic methodology which relies on the use of DTAB to form the surfactant
encapsulated cluster Mo;;,-DTAB, which, via van der Waals interaction with the
electrochemically exfoliated graphene, forms a Mo,3;,-DTAB-EEG composite displaying
synergically increased porosity and thus enhanced supercapacitive performance. The
novel porous material exhibits significantly higher specific, volumetric and surface
capacitance parameters compared to the non-functionalized graphene in the acidic
aqueous solution (IM H,SO,), 0-1 V potential window followed by excellent
electrochemical cycling stability (99% of specific capacitance retained) after 5000
charge/discharge cycles. This work enriches the current family of POM-based carbon
composites and provides a solid evidence that polyoxometalates of other chemical
composition than Keggin or Wells-Dawson. The greater degree of functionalization that
can be achieved when using Keplerate type polyoxometalate enables better tuning of a
variety of physico-chemical properties of the hybrid system towards the emergence of a
new generation of high performing multifunctional supercapacitors possessing enhanced

stability.
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Chapter 6.

General conclusion and outlook

In summary, this doctoral dissertation mostly focuses on the issues related to the
adsorption of pollutants by functionalized GO and explores the knowledge on molecular
hybrids based on EEG. The examples discussed in this thesis highlight the importance of
novel high-performance graphene-based materials in the wide spectrum of upcoming
possibilities and applications from the sorption materials to the potential electrical
applications. In each experimental part, the morphology and structure of obtained
materials have been thoroughly characterized. Apart from the novelty aspects regarding
the production of modified two-dimensional materials, this thesis provides the insights
on the following structure/property relationship:

- Covalent modification of GO with an organic polymer (BPEI) very favourably
affects the efficiency of the adsorption process. Multiscale analysis of received sorption
materials confirmed high stability, high specific surface area and high affinity towards
various chemical substances. The maximum adsorption capacity (gmax) values for heavy
metal ions (Cu?" - 1096 mg g!, Cd** - 2051 mg g!, Pb*" - 3390 mg g!) significantly
highlight this material in comparison to the majority of known carbon adsorbents.

- Functionalization of GO with mesoporous aminosilica (SiO.NH>) leads to
obtaining an efficient and rapid adsorbent of organic cationic dyes (MB, RhB, MV). The
material has been successfully used as a column filler in the SPE process, thus enabling
very fast purification of water in continuous flow.

- The family of Keplerate-type polyoxometalates are a very interesting group of
inorganic compounds that can form stable molecular hybrids with cationic surfactants
resulting from weak electrostatic and m-mt stacking interactions. Functionalization of
electrochemically exfoliated graphene (EEG) using the POM-surfactant subunits (Mo132-
DTAB) proved that this type of organic-inorganic hybrids material is very stable and have
interesting electrical properties with potential application in the production of

supercapacitors. The innovative porous three-dimensional systems of Mo132-DTAB-EEG
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synergically combine with each other a large POM redox potential and high graphene
electrical conductivity material allows to exhibit significantly higher specific, volumetric
and surface capacitance parameters.

Overall, the type of hybrid materials presented in this thesis hold the potential of
being used as a selective adsorbents in the water purification processes as well as in
electrical applications. By providing insight into the comprehensive physical and
chemical characterizations of functionalized 2DMs, this dissertation aims to achieve in-
depth understanding of the fundamental properties of prepared hybrid materials in
perspective of their future potential applications in chemical sorbents/sensors and
electronics. Thanks to that, we developed different functionalized 2DMs using top-down
approach in order to explore the adsorption properties and to reach profound
comprehension of the relationship between their structure and properties. In particular,
this thesis intends to explore the use of fop-down methods to modify 2DMs in order to
achieve a control over their properties that is necessary for the integration of these
materials in multifunctional devices.

As a future work it is suggested that other detailed tests of adsorbent based on
2DMs involving the effect of the experimental conditions including the presence of
multicomponent organic and inorganic contaminants and the effect of different
background electrolytes should be investigated for better understanding adsorption
process. Furthermore, in-depth knowledge on the mechanism of purification of
contaminated wastewaters using 2DMs based adsorbents is still required. Moreover,
scaling-up the synthesis methodology and production of adsorbents with higher stability
and better reproducibility in adsorption process is desirable due to the further exploitation
in the commercial facilities. Following the study on energy reduction through better
designs and synthetic methodology is also encouraged. Cost-effective feasibility research
should also be provided to compare with another low-cost sorbents, to verify the
profitable commercial application. Next important problem with the use of 2DMs based
adsorbents is its prospective toxicity to living beings and environment. This type of
research would be helpful for us to understand the toxicity and tackle the problem of
treated solutions. and worn sorbents. Significant progress in nanotechnology results in
new knowledge in the field of graphene-based materials for various applications. These

interesting composites are known to ensure specific functionalities in different
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difficulties. It is important to note that although some limitations need to be overcome to
improve the performance and selectivity of materials based 2DMs, the proper selection
of the linker, modifying agent and reaction conditions are crucial in receiving
functionalized hybrids based on 2DMs with appropriate properties as was presented in
this work. This aspect combined with improved methods of processing 2DMs in high

quality makes possible to use this material in many of the foreseen application.
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List of abbreviations

"HNMR - proton nuclear magnetic resonance
2DMs - two-dimensional materials

3D - three dimensional

A - adenine

AC - activated carbon

AC-PEI - activated carbon-polyethyleneimine
BPEI - branched polyethyleneimine

C - cytosine

CVD - chemical vapour deposition

DDAB - didodecyldimethylammonium bromide
Dn - hydrodynamic diameter

DLS - dynamic light scattering

DTAB - dodecyltrimethylammonium bromide
DODA - dioctadecyldimethyl ammonium bromide
EDC HCI - 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
EDTA - ethylenediaminetetraacetic acid

EEG - electrochemically exfoliated graphene

fGO - functionalized graphene oxide

FAAS - flame atomic absorption spectroscopy
FTIR - Fourier transform infrared spectroscopy

G - graphene

GFET - graphene field effect transistor

GO - graphene oxide

HCI - hydrochloric acic

H>SOy4 - sulphuric acid

HNO:s - nitric acid

HR-TEM - high resolution transmission electron microscopy
MoS: - molybdenum disulfide

MGO - magnetic graphene oxide
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MrGO - magnetic reduced graphene oxide
NHS - N-hydroxy-succinimide

POM - polyoxometalate

SCs - supercapacitors

SEC - surfactant encapsulated cluster

SEM - scanning electron microscopy

SGFET - solution gated field effect transistor
SiC - silicon carbide

SPE - solid phase extraction

T - thymine

TMDs - transition metal dichalcogenides
TODA - octadecyltrimethylammonium bromide
UV-vis - ultraviolet-visible light spectroscopy
WAXS - wide-angle X-ray scattering

WS, - tungsten disulfide

XPS - X-ray photoelectron spectroscopy
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Statement of work

The experiments and analysis data presented in this dissertation have been conducted and

described by myself besides those presented below:

In chapter 4 UV-Vis spectrum and adsorption tests on SiO2NH2-GO were carried out by
M.Sc. Wtodzimierz Czepa (Adam Mickiewicz University in Poznan). Raman analysis

were conducted by M.Sc. Samanta Witomska (Adam Mickiewicz University in Poznan).

In chapter 5 high-resolution transmission electron microscopy analysis were performed
by Dr. Luca Ortolani and Prof. Vittorio Morandi from CNR-IMM Bologna (Italy).
Fabrication of electrode and electrical characterization measurements on Mo132-DTAB-
EEG materials and data analysis were carried out by Dr. Zhaoyang Liu, post-doc in
Nanochemistry lab (ISIS, Strasbourg). Synthesis of Mo132-DTAB-EEG hybrid material
was performed in collaboration with dr Adam Gorczynski (Adam Mickiewicz University

in Poznan)

The projects reported in this thesis were designed with Dr. Artur Ciesielski, Prof. Violetta

Patroniak and Prof. Paolo Samori.
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International conferences:

Date and place of the conference: 13-19.4.2019, Dubai, United Arab Emirates
Conference name: World Nanotechnology Conference

Title: Functionalized graphene oxide as a new, high performance adsorbent of
heavy metal ions and organic dyes

Type of presentation: Poster presentation

Date and place of the conference: 10-14.9.2018, San Sebastian, Spain
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Title: Graphene based adsorbents for efficient and selective grasp of metal ions

Type of presentation: Poster presentation
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Conference name: 43th International Conference on Coordination Chemistry
Title: Modified POM based on graphene - hybrid materials with alkali metal
ions trapping properties

Type of presentation: Poster presentation

Date and place of the conference: 6-9.6.2018, Poznan, Poland
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Title: Chemically modified graphene oxide as a new, high performance

adsorbent of heavy metal ions
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Type of presentation: Poster presentation

e Date and place of the conference: 14-15.3.2018, Paris, France
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Title: Functional graphene oxide as a new high-performance adsorbent of heavy
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Type of presentation: Poster presentation
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Type of presentation: Poster presentation
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Conference name: AMNS International Conference on Advanced Materials and
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and energy applications

Type of presentation: Oral presentation
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Type of presentation: Poster presentation
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Kingdom
Conference name: Euro Science Open Forum
Title: Graphene based membranes for water purification, gas adsorption and

energy applications
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Type of presentation: Poster presentation
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Title: Hybrid materials based on graphene for water purification, gas adsorption
and energy applications

Type of presentation: Poster presentation

Date and place of the conference: 5.11.2016, Poznan

Conference name: III Symposium of Young Scientists

Title: Molecular hybrid based on graphene for capturing heavy metals and gas
adsorption

Type of presentation: Oral presentation

Date and place of the conference: 19-23.09.2016, Poznan
Conference name: 59 Congress of the Polish Chemical Society (PTChem)
Title: Complexes with Schiff base ligands, synthesis, structure and investigation

of their properties
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Type of presentation: Poster presentation

Date and place of the conference: 21-24.06.2016, Torun

Conference name: X Copernicus Doctoral Seminar

Title: Searching for correlations between the supramolecular architecture of
complexes and their specific properties

Type of presentation: Oral and poster presentations

Date and place of the conference: 14.11.2015, Poznan

Conference name: II Symposium of Young Scientists

Title: Complexes with transition metal ions as a precursor of new metal and
supramolecular architectures with potential of single molecule magnets (SMMs)

Type of presentation: Poster presentation

Patent application

The name of the invention: "Preparation method of cementitious composite with
the addition of graphene”

Description of the invention: The subject of the invention is a method of
producing a cementous composite with the addition of graphene, which is used in
construction for the manufacture of structural and non-structural elements, where
the increased strength or electrical conductivity of the material is of importance.
Number of patent application: P.424610

Registration date and place: 2018-02-16; Patent Office of the Republic of
Poland.

The range of patent application: National

Authors of the invention: M. Krystek, D. Pakulski, L. Szojda, M. Gorski,
V. Patroniak, A. Ciesielski, P. Samori
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C.

Participation in research projects:

Project name: Grant nr 2017/27/N/ST5/00173 (PRELUDIUM)

Period of participation in the research project: 7.2018 — in progress (7.2020)
Function in the research project: Principal Investigator

The purpose and effects of participation in the project:

The aim of the project entitled "Functionalized graphene oxide as a new, high-
performance adsorbent of heavy metal ions" is the synthesis and multifaceted
characterization of a new generation of adsorbents for metal ions. The proposed
project targets at the increase in the efficiency of the adsorption process of
graphene oxide through its chemical functionalization with multidentate organic
ligands. Such an approach will make it possible to control the affinity of GO
towards specific metal ions and fabricate robust and highly functionalized 2D
architectures, which can be then used as adsorbents for removal of heavy metal

ions.

Project name: Grant nr 2016/21/B/ST5/00175 (OPUS)

Period of participation in the research project: 2.2017 — in progress (2.2020)
Function in the research project: Investigator

The purpose and effects of participation in the project:

Scientific purpose of the project titled: “Supramolecular interactions in systems
based on polyoxometalates” is synthesis and comprehensive physicochemical
characterization of systems that comprise polyoxometalates (POMs) and
quaterpyridine/Schiff-base ligands, altogether tethered by 3d(TM)/4f(RE) ions, in

particular with regard to their magnetic and luminescent properties.

Project name: Grant nr 2015/18/E/ST5/00188 (SONATA BIS)

Period of participation in the research project: 5.2017 — in progress (5.2020)
Function in the research project: Investigator

The purpose and effects of participation in the project:

The research project entitled “New (supramolecular) approach to two-

dimensional layered materials” exploit principles of supramolecular chemistry to
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develop new chemical methods towards the production of high-quality graphene
and other two-dimensional materials with controlled composition, structure and
function. The programmed interfacing with functional molecular assemblies via
non-covalent, covalent and DCC approaches will enable tuning of the 2DMs
fundamental physico-chemical properties such as capacity to recognize and host
gas molecules, porosity and optical properties. The innovative supramolecular
approach proposed in this project, may be a breakthrough method for finding the
use of graphene and other two-dimensional materials in optoelectronics and

devices aimed at the energy storage.

D. International internships:

e Country: France
Institution: Universit¢ de Strasbourg, Institut de Science et d'Ingenerie
Supramoleculaire (I.S.I.S.)
Type of stay: Internship in the frame of ERASMUS program.
Duration time: 1.2.2015-30.6.2015
Description of activities:
Research in the field of synthesis functional building blocks decorated with amine
anchoring groups for further covalent functionalization of GO. During internship
I was trained among others in Scanning Electron Microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS) technique to morphology characterization and
structural composition of nanomaterials.
Supervisor: Prof. Paolo Samori

Auxiliary supervisor: Dr. Artur Ciesielski (HDR)
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Country: France

Institution: Universit¢ de Strasbourg, Institut de Science et d'Ingenerie
Supramoleculaire (I.S.1.S.)

Type of stay: Cotutelle program (double doctorate) funded by French Embassy
in Poland.

Duration time: 15 months, from February to June in years 2017-2019.
Description of activities:

Research activities carried out during this program became the subject of
presented thesis and concerned synthesis of functionalized two-dimensional
materials (graphene and GO) and their comprehensive physico-chemical
characterization with particular emphasis on adsorption and energy storage
properties.

Supervisor: Dr. Artur Ciesielski (HDR)
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E. Awards:

1) French government scholarship in the frame of cotutelle program between Adam
Mickiewicz University in Poznan and Université de Strasbourg in years 2017-2019.

2) Laureate of START program scholarship founded by Foundation for Polish Science,
2019.

3) Laureate of scientific scholarship of the city of Poznan, 2019.

4) Laureate of grant PRELUDIUM 14 founded by Polish National Science Center,
2018.

5) Prizes of Rector of Adam Mickiewicz University for the scientific achievements in
years 2017-2018.

6) Laureate of grants to attend Euro Science Open Forum (ESOF) conference in
Manchester, United Kingdom (July 2016), and Graphene Week conference in San
Sebastian, Spain (July 2018).

7) Pro-quality scholarships for the best PhD students of Adam Mickiewicz University
in Poznan in years 2016-2019.

8) Scholarship for the best students form Adam Mickiewicz University in Poznan
funded by European Union from the European Social Funds, The Human Capital
Operational Programme, Sub-measure 4.1.2. 2011/2012, 2012/2013.

9) Rector's Scholarship for the best students of Adam Mickiewicz University in Poznan

2011/2012.
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Pakulski Dawid

,Graphene based materials and their potential

applications”

Résumé en Francais

Cette thése de doctorat a pour objectif scientifique la synthése de matériaux bidimensionnels
fonctionnalisés (graphéne et oxyde de graphéne) et leur caractérisation physicochimique
compléte, avec un accent particulier apporté sur les propriétés d'adsorption et de stockage
d'énergie. Nous avons démontré que la modification covalente de 1'oxyde de graphéne (GO) avec
un polymeére organique (BPEI) affecte trés favorablement I'efficacité du processus d'adsorption.
Les valeurs de la capacité maximale d'adsorption (gma:) des ions de métaux lourds favorisent de
maniére significative ce matériau par rapport a la majorité des adsorbants connus a base de
carbone. En outre la fonctionnalisation de GO avec l'aminosilicate mésoporeuse (SiO.NH>)
conduit a I'obtention d’un adsorbant efficace et rapide des colorants organiques cationiques (MB,
RhB, MV). En plus nous avons prouvé que la fonctionnalisation du graphéne (EEG), en utilisant
les sous-unités de surfactant POM, a montré que ce type de matériau hybride organique-
inorganique est trés stable et présente des propriétés électriques intéressantes pouvant étre
utilisées dans la production de supercondensateurs

Mots clés: 2D matériaux, graphéne, oxyde de graphéne, adsorbant, supercondensateurs

Summary in English

Scientific purpose of this doctoral dissertation is synthesis of functionalized two-dimensional
materials (graphene and graphene oxide) and their comprehensive physicochemical
characterization, with particular emphasis on adsorption and energy storage properties. We could
demonstrate that covalent modification of graphene oxide (GO) with an organic polymer (BPEI)
very favorably affects the efficiency of the adsorption process. The maximum adsorption capacity
(gmax) values for heavy metal ions significantly favour this material in comparison to the majority
of known carbon adsorbents. Moreover, functionalization of GO with mesoporous aminosilica
(SiO2NH>) leads to obtaining an efficient and rapid adsorbent of organic cationic dyes (MB, RhB,
MYV). In addition we proved that the functionalization of graphene (EEG) using the POM-
surfactant subunits proved that this type of organic-inorganic hybrids material is very stable and
have interesting electrical properties with potential application in the production of
supercapacitors.

Keywords : 2D materials, graphene, graphene oxide, adsorbent, supercapacitors
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