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1. Aim of this work

Cellulose, the most abundant renewable material, is widely used in various
applications due to its fascinating structure and attractive properties, such as chemical
stability, biodegradability, renewability, derivatizability, and biocompatibility.
Graphene, a single nanosheet with sp*-hybridized carbon atoms, has received more and
more attention in recent years because of its unique 2D structure and outstanding
properties. Thus, to produce functional and smart composite materials based on
graphene and cellulose, which endows cellulose matrix with tailored properties, such as
sensing performance, catalytic activity, electrical conductivity, and other functionalities,
are of great interest to smart and functional polymer fields. However, it was difficult to
achieve the nano-dispersion of graphene layers in polymer matrixes. In addition, one
drawback of cellulose is its difficulty in the processing as a solution or melt due to its
close chain packing by strong inter and intra-molecular hydrogen bonds and persistent
chain conformation. Therefore, to disperse graphene within the matrix of cellulose
efficiently poses a major challenge in the field of functional composites. On the other
hand, the manufacturing of such composites requires that graphene is not only
produced in a sufficient scale but also homogeneously distributed into various matrices
in order to maintain the unique properties of graphene in the composites. Preparation of
graphene from graphene oxide (GO) by reduction is the most promising method for the
cost-effective, large-scale production of graphene-based materials. Considering the
strong aggregations of graphene sheets, furthermore, GO is also used as the starting
material in place of graphene. In view of its abundant oxygen-containing groups,
besides the reduction, GO also provides great opportunities to prepare various
functionalized cellulose/GO composites by chemical modification. The investigations
of their structure and properties offers a comprehensive knowledge of the possible
interactions between graphene and cellulose to tailor the performance of composites

based on them.
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As shown in Fig. 1.1, the main purpose of this work is to produce
multifunctional and smart materials based on cellulose and graphene by a simple,
environmentally friendly, low cost, and efficient method. Till now, in order to obtain a
uniform dispersion in which graphene could interact with cellulose matrix in
nano-scale level, some special solvents for cellulose, such as ionic liquids and lithium
chloride /N, N-dimethylacetamide, were also used for preparation of
cellulose/graphene composites. However, the solvents are either expensive or not
commercially available. New routes to fabricate cellulose/graphene composite in a
more economic and environmentally friendly process need to be developed. There is
no report to use the cellulose/GO hydrogel as the starting material and a novel
platform for the preparation of various functionalized cellulose/GO composites by
chemical modification. More specifically, the first aim is to develop
cellulose/graphene nanocomposite films and aerogels for the multifunctional sensing
applications by dissolving cellulose and dispersing GO homogeneously in
alkaline-urea aqueous solution followed by in-situ chemical reduction of GO. In the
first section of this study, the cellulose/graphene composites are fabricated and
investigated as multifunctional sensors responding to different external stimuli, such
as humidity, temperature, stress/strain, liquids and vapours. The temperature
sensitivity and reproducibility of cellulose/graphene composites under two
temperature sweeps were studied. The sensitivity of experimental humidity and the
detection of human exhaled breath were also investigated. Besides, the
cellulose/graphene films attached on the surface of human skin were used as strain
sensors to capture, record, and distinguish different signals of human muscle motions.
The sensitivity and recovery of cellulose/graphene films as sensor for different liquids,
different water temperature, and water with different contents of salt was also studied.
Furthermore, the vapour sensing performance of cellulose/graphene aerogels was
studied based on the change of electrical resistance in cyclic exposure to a series of

vapours such as acetone, ethanol, water, methanol, and others. The influences of
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graphene contents, vapour types, and vapour concentrations on the change of electrical

resistance were also tested.

The second aim is to prepare cellulose/GO/Fe;O4 hydrogels by co-precipitating
iron salts onto cellulose/GO hydrogels in a basic solution for the removal of acid
orange 7 (AO7), which is a major water pollutant from textile production. In this part
of the study, the formation of Fe;O4 on the cellulose/GO hydrogel was characterized
by transmission electron microscope (TEM), X-ray diffraction (XRD),
Fourier-transform infrared (FTIR), and X-ray spectroscopy (XPS). The operational
conditions of AO7 removal were evaluated and modelled as a function of initial AO7
dye concentration, temperature, pH, and the initial concentration of H,0O,. The
catalytic activity and stability of different composites over 20 consecutive cycles of

removal of AO7 were performed by means of UV-vis spectroscopy and XPS.

The third aim 1is to fabricate cellulose/graphene/Fe;O4 aerogels for
electromagnetic interference (EMI) shielding applications by an efficient,
environmentally friendly, and scalable co-precipitation method. In this part, the
electrical conductivity and magnetic properties of cellulose/graphene/Fe;O4 aerogels
were determined and compared with cellulose/graphene/Fe;O4 films. Then, the
influence of graphene content and composite thickness on the EMI shielding
effectiveness (SE) was studied. The detailed EMI shielding mechanism is also

investigated.
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Fig. 1.1 Schematic representation of the three purposes of this study.
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2. Introduction

2.1. Cellulose

Cellulose was first defined as the molecular formula of C¢H;¢Os and first used by
French chemist Anselme Payen. As the most abundant and inexhaustible biopolymer in
nature, cellulose is widely present in various forms of biomasses, such as trees, plants,
tunicates and bacterias, and it finds applications in many areas of modern industry. It
has fascinating structure and many attractive properties such as renewability,
availability, non-toxicity, low-cost, environmental friendliness, biocompatibility,
biodegradability, thermal and chemical stability, and derivatizability. However,
cellulose is difficult to process in water and common organic solvents, due to the
formation of a strong hydrogen-bonding network formed by the intra- and
inter-molecular hydrogen bonds, as shown in Fig. 2.1. For dissolving cellulose, new
and efficient environmentally friendly solvent systems, such as alkali/urea aqueous
solution [1-4], N-methylmorpholine-N-oxide hydrate (NMMO) [5], ionic liquids (ILs)
[6-8], and LiCl/N,N-dimethylacetamide (DMAc) [9, 10] were used to break the
hydrogen bonding network and to prepare regenerated cellulosic composite materials.
In general, cellulose functioned as the raw material has two main application
approaches. On the one hand, cellulose from cotton and wood is mainly used in
building materials. On the other hand, cellulose, as the starting platform, has been
widely applied in the fabrication of cellulose-based composites. Cellulose can be
extensively derivatized and so forms strong and stable stiff-chain homomolecular
structures with film- and hydrogel-forming properties, which have the potential to be a
stable and robust carrier, matrix or scaffold component for the fabrication of various
functional materials [11-17]. The development of nanostructured inorganic materials in
the form of nanotubes, nanowires, and nanocrystals supplies a range of functional

fillers for integration into the cellulose matrix [18-25]. Among them, nanocarbons such

16



as graphene have unique structural and mechanical, electrical, thermal, and optical

properties.
Non-reducing end Reducing end
oH Glucose oH
HOM N R
Ho o%ﬁ o D‘va\.rm,—\Nﬁ
H
HO- ° 3 HO- ° oH

Chain polymerization Cellobiose

Fig. 2.1 Schematic diagram of intra- and inter-molecular hydrogen bonds in cellulose.

Reused with permission from MDPI. [26]

2.2. Graphene

Graphene is an interesting two-dimensional carbon allotrope that attracted
considerable research interest because of its outstanding mechanical properties,
chemical stability, superior electrical conductivity, and EMI shielding properties
[27-30]. So far, various device/material applications, such as light-emitting diodes
(LED), solar cells, smart phones and windows, supercapacitors, and lithium ion
batteries have been reported [31]. As we all know, the processability and/or the
solubility in a suitable solvent are the first topics for possible fabrication and
application of functional and smart materials based on graphene. Until now, chemical
modification of graphene has focused on improving the interactions with the matrix
polymers and enhancing the processability and solubility in water and organic

solvents [32-36]. However, functional and smart composite materials that combine the
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functionalized material with the excellent performance of graphene remain mostly

undeveloped.

Hence, to fabricate multifunctional graphene-integrated cellulose materials,
which combine the specific properties of graphene and the characteristics of cellulose,
is of great interest to polymeric science. However, it is difficult to achieve the
nano-dispersion of graphene layers in polymer matrixes. In addition, cellulose cannot
be easily dissolved in common solvents or impossibly be melted due to its strong inter
and intra-molecular hydrogen bonds. The practical application of graphene is severely
restricted by their poor dispersion and secondary aggregation in the dispersion and
mixing process, bringing about the hardship to preserve their superiority. Several
approaches have been developed to obtain graphene, including micromechanical
exfoliation of graphite, chemical vapour deposition, reduction of GO, etc. [37-40].
Among them, preparation of graphene from GO reduction is the most promising
method for the cost-effective, large-scale production of graphene-based materials.
Considering the strong aggregations of graphene sheets, furthermore, GO is also used
as the starting material in place of graphene. The fabrication of cellulose/GO
composite by using special solvents was reported recently [41, 42]. Although the
presence of GO enhanced the thermal and mechanical properties of cellulose-based
materials, a lack of electrical conductivity limits their practical applications. Thus, it
is required to realize the reduction of GO during the compositing process, which not
only can simplify the fabrication procedures for graphene-filled nanocomposites but
also prevent the undesired aggregation of reduced GO [43]. There are mainly two
effective reduction techniques, chemical reduction and thermal reduction, which were
used for reduction of GO [44-46]. However, how to reduce GO in cellulose matrix
efficiently while preserving the mechanical properties simultaneously, is still the main
challenge for the preparation of electrically conductive materials from cellulose/GO

composites.
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In view of the unique structure of graphene and abundant oxygen-containing
groups of GO, the cellulose/graphene composites could be applied for various
applications, such as water treatment field, EMI shielding field, sensors,

supercapacitors, electrochemical and photothermal device.

2.3. Green solvents for cellulose/graphene nanocomposite materials

In order to fabricate functional and smart cellulose/graphene composite materials,
which combine the characteristics of cellulose and the advantages of graphene, many
studies have been carried out. However, it was difficult to achieve the nano-dispersion
of graphene layers in polymer matrixes. How to disperse graphene within the matrix of
cellulose efficiently, therefore, poses a major challenge in the field of functional
bio-composites. Ordinarily, the regeneration of cellulose can be achieved by the
following two methods: the physical dissolution in a suitable solvent and chemical
derivatization. The physical dissolution in a suitable solvent is much cheaper and
simpler for the regeneration of cellulose than the chemical derivatization. Some
solvents such as ionic liquids (ILs), NaOH/urea aqueous solution, N-methyl
morpholine-N-oxide (NMMO), lithium chloride (LiCl)/N, N-dimethylacetamide
(DMACc), and other solvents are reported as direct solvents for the shaping and

regeneration of cellulose.

2.3.1. Ionic liquids

In recent years, ILs have been used as green and effective solvents for cellulose,
which attributed to their excellent chemical and thermal stability, low melting point,
low flammability and good miscibility in combinations with other solutions [6]. ILs are
commonly known as salts in the liquid state and composed of inorganic anions and

organic nitrogen-containing inorganic cations [47].

As shown in Fig. 2.2, the formation of electron donor-electron acceptor (EDA)

complexes is beneficial for the interaction of cellulose and ILs, and thereby bring about
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the dissolving of cellulose in ILs [48]. For example, during the dissolution process, the
oxygen and hydrogen atoms of cellulose-OH function as electron donor and acceptor.
Correspondingly, the cations and anions of ILs serve as electron acceptor and donor
center. Thus, the interaction of cellulose and ILs leads to the destruction of hydrogen

bonds within the cellulose and procure the dissolution of cellulose.

cellulose "
cellulose
| o T —
HO.\ /,OH + [C4mim] C]8 o OF{.Qmun]
Ol ~cf N
st Cl
[C4mim]._ —\H
-0~
cellulose 2
cellulose
cellulose
st CIE\S—
ICJmim]‘ “~o-° H solvent
e P o

cellulose

Fig. 2.2 Schematic illustration of dissolving mechanism of cellulose in ionic liquids

[C4mim]Cl. Reused with permission from Royal Society of Chemistry. [47]

In 2002, Swatloski et al. [7] found that cellulose could be dissolved in the ionic
liquid 1-butyl-3-methyl imidazole chloride ([C4mim]ClI), which opened up new paths
for the development of a class of cellulose solvent systems. Recently, various ILs have
been reported as cellulose solvents to fabricate the cellulose/graphene composite. GO
widely acted as the precursor for the fabrication of the cellulose/graphene composites
in the ILs [49-52]. For example, Peng et al. [53] prepared cellulose/rGO composite
papers in 1-butyl-3-methylinidazoliun chloride (BmimCl) solution. The resultant
composite papers showed the excellent performance of mechanically flexibility. Zhang
et al. [54] demonstrated that GO can be chemically reduced by hydrazine monohydrate
with cellulose in 1-allyl-3-methylimidazoliun chloride (AmimCl). The fabricated

cellulose/rGO composite films exhibited enhanced stiffness.
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Moreover, cellulose/graphene composite also can be obtained by using directly
exfoliation of graphite in ILs. Ionic liquids are ideal green solvents for the exfoliation of
graphite, for reasons that the imidazolium structure of ILs are favorable for conjugation
with & electrons of graphite and the high surface tension of ILs are suitable for the
exfoliation of graphite [55-57]. It is noted that cellulose exhibits a special affinity for
graphite [58]. Given the abundant hydroxyl groups in cellulose, cellulose may stabilize
graphene sheets by forming hydrogen bonds. Notably, cellulose can be dissolved well
in ILs without any modification. Therefore, it provides the possibility to exfoliate
graphite in ILs with cellulose and the cellulose-ionic liquid complexes acted as
exfoliating agent. Fig. 2.3 shows the proposed formation mechanism of
cellulose/graphene composite [59]. First of all, when cellulose dissolute in ILs, the
hydrogen bonds in cellulose were destroyed. At the same time, the new bonds between
the chloride in [Bmim]CI and hydrogen atoms of hydroxyl in cellulose were formed
[60]. Then, the liquid jet permeates through the bubbles and attacks cellulose and
graphite through ultrasonication. Subsequently, the solvate complexes containing
cellulose exfoliated the graphite into graphene due to the decrease of van der Waals
forces between the graphite under the influence of the liquid jet and bubbles. Afterward,
the solvate complexes penetrated into the graphite interlayers and acted as exfoliating
agent. Finally, the hydrogen bonds of cellulose were regenerated. Cellulose as a
stabilizing agent was reformed on the surface of graphene sheets. Therefore, the

resultant graphene sheets were uniformly dispersed within the cellulose matrix.
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1. Dissolution
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Liquid jet
and Bubble

Fig. 2.3 Schematic generation of cellulose/graphene composite in ILs. Reused with permission

from Elsevier. [59]

2.3.2. NaOH/urea aqueous solution

NaOH/urea aqueous solution have been one focus of cellulose solvents due to that
the solution can lead to a simple, low cost, and environmentally friendly processes for
dissolving cellulose. Generally, cellulose can only be dissolved in 7-9 wt.% NaOH
aqueous solution at low temperature. NaOH can penetrate into the amorphous area of

cellulose, where it destroys intermolecular hydrogen bonds. However, it is found that
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only cellulose with lower molecular weight could be dissolved in such solution,
limiting the mechanical properties and processing of cellulose products. The
development of new solvents for cellulose is essential for successful and various
applications of cellulose. Notedly, urea can also break intermolecular hydrogen bonds
of cellulose and avoid the aggregation of cellulose [61]. The addition of urea or thiourea
to NaOH solution can be beneficial for cellulose solubility. In the recent years, Zhang et
al. [61] found that NaOH/urea aqueous solution can dissolve cellulose more efficiently
than the NaOH/H,O system. For instance, cellulose could be totally dissolved in the
new solvent, a 7 wt.% NaOH/12 wt.% urea aqueous system, within a few minutes. The
most important advantage of this solvent is its low-cost and the rapid cellulose
dissolution. More importantly, the NaOH/urea aqueous solution is able to entirely
dissolve cellulose with relatively high molecular weight, which can broaden the
application of cellulose. Similarly, Lithium hydroxide (LiOH)/urea aqueous solution
can also rapidly dissolve cellulose. Fig. 2.4 describes the dissolution of the cellulose in
NaOH/urea and LiOH/urea aqueous solutions [62]. In Fig. 2.4 (a), when cellulose is
added into the NaOH/urea or LiOH/urea aqueous solution at -10 °C, cellulose is
surrounded by free water, alkali hydrates and urea hydrates. As shown in Fig. 2.4 (b),
free water, alkali hydrates, and urea hydrates can permeate the cellulose matrix and then
lead to the destruction of the intra- and inter-molecular hydrogen bonds. Fig. 2.4 (c)
displays that free water, alkali hydrates, and urea hydrates, which act as overcoat
enveloping the cellulose chains. Therefore, cellulose molecules are uniformly
dissolved in the NaOH/urea or LiOH/urea aqueous solution forming a transparent
solution. Moreover, a series of regenerated cellulose products such as cellulose films,
fibers, and aerogels [63-65] have been fabricated from cellulose dopes based on

aqueous alkali solvents.
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4 * : . . |
)

Fig. 2.4 Schematic illustration of dissolving mechanism of cellulose in NaOH/urea and

LiOH/urea solutions. Reused with permission from Wiley-VCH Verlag. [62]

Recently, GO has attracted much attention because it can serve as a possible
intermediate for manufacture of graphene. The sufficient amount of oxygen-containing
functional groups in GO, such as hydroxyl, carboxyl, and epoxy groups, make it easily
dispersible in water and aqueous alkali solvents. GO has been widely used as precursor
for the preparation of the cellulose/graphene nanocomposite based on aqueous alkali
solvents. Therefore, NaOH/urea aqueous solution provides a low-cost and “green”
platform for regeneration of cellulose and fabricating the cellulose/graphene

nanocomposites.

Nanocomposites of GO with cellulose can be fabricated by solution mixing, as
long as aqueous alkali solvents that can dissolve cellulose and disperse GO sufficiently,
are used. Huang et al. [66] found that GO was fully exfoliated in cellulose using
NaOH/urea as a solvent. As a result, the barrier properties of the cellulose/GO film
were improved and the permeability coefficient of O, were reduced. Green aerogels can
also be prepared with GO and cellulose using NaOH/thiourea as a solvent, followed by
gelation and freeze drying. Young’s modulus and the compression strength increase
significantly, since the well dispersion of GO accelerated the gelation process and
induced strong interactions with cellulose. The nanocomposite film also can be

prepared with cellulose and GO in aqueous LiOH/urea solution followed by
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coagulation in ethanol [67]. The mechanical properties of cellulose films were also

drastically improved.

2.3.3. N-methyl morpholine-N-oxide

N-methyl morpholine-N-oxide, commonly known as NMMO, is widely used as a
non-derivatizing solvent and able to dissolve high contents of cellulose. The whole
NMMO procedure can be considered as a physical process. In 1939, Greanacher et al.
[68] firstly reported the dissolution of cellulose in tertiary amine oxides. About 20 years
later, Johnson et al. [69] patented a serious of solvents based on cyclic tertiary amine
oxides, especially NMMO. The main advantage of NMMO solvents is that NMMO can
dissolve many polymers including cellulose. Moreover, the rapid technical
break-through of NMMO solvents brings about the innovation in handmade cellulose
fibers. Overall, the NMMO process is a relatively environmentally friendly, simple and

resource preserving method to prepare regenerate cellulose.

Due to the effective dipole moment of N-O, NMMO can dissolve cellulose
without derivatization or cell activation as depicted in Fig. 2.5 [70]. Although the
NMMO process is well established nowadays, there is still a considerable lack of
understanding the mechanism for the dissolution of cellulose in NMMO. Generally, it
is well agreed upon that the solvation power of NMMO could result from its ability to
disrupt intermolecular hydrogen bonds of cellulose, and to form solvent complexes by
forming new hydrogen bonds between cellulose molecules and the solvent. The oxygen
in NMMO can form hydrogen bonds with nearby hydroxyl groups in cellulose as well
as graphite (and graphene) oxides. Thus, well-dispersed graphite oxides or graphene
oxides in cellulose and strong physical hydrogen bonds between cellulose matrix and
filler can be expected. Therefore, environmentally friendly NMMO monohydrate is
suitable for dissolving cellulose and dispersing GO to prepare the cellulose/GO

composites.
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Fig. 2.5 Schematic illustration of dissolving mechanism of cellulose in NMMO. Reused with

permission from Elsevier. [70]

Recently, Kim et al. [41] used NMMO monohydrate as the solvent to disperse GO
and dissolve cellulose. Due to the effective dipole moment of N-O, the solvent can
dissolve cellulose without derivatization. The strong and efficient interaction between
NMMO and GO increases the viscosity of the resultant composites, and thereby
enhances the thermal and mechanical performance. Zhou et al. [71] reported the
successfully fabrication of cellulose/GO aerogels with NMMO as an environmentally
friendly and nontoxic solvent. The uniform dispersion of GO in cellulose matrix

enhanced the thermal stability.

2.3.4 Other solvents for cellulose/graphene composites
2.3.4.1 LiCl/DMAc

LiClI/DMAc is a direct and environmentally friendly solvent for dissolving of
different cellulose types [72]. The widespread use of this solvent is attributed to the fact
that LiICI/DMACc solvent is colorless and able to molecularly dissolve cellulose without
obvious degradation even in case of high molecular weight at room temperature [73].
Though the dissolution mechanisms for cellulose in LiCI/DMAc have been insufficient
clarified, it is generally accepted that Li" link to the solvent carbonyl leaving CI™ as an
efficient nucleophile that can break the hydrogen bonds of cellulose [74, 75]. Fig. 2.6
shows the dissolution mechanism of cellulose in LiCI/DMAc [76]. When cellulose is

added into the LiCI/DMAc cosolvent system, the cellulose-OH strongly formed
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hydrogen bonds with the Cl, during which the intra and inter-molecular
hydrogen-bonding of cellulose is broken with simultaneously splitting the Li"-C1~ ion
pairs. Simultaneously, free DMAc molecules in this cosolvent system surrounded and
solvated Li" to meet the electric balance. Therefore, cellulose could be dissolved in this
LiClI/DMAc cosolvent system on molecular level to form a homogeneous cellulose

solution.
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Fig. 2.6 Schematic illustration of dissolving mechanism of cellulose in LiCl/ DMAc

solution. Reused with permission from American Chemical Society. [76]

Recently, Zhang et al. [77] reported the fabrication of cellulose/graphene
composite films through dispersing graphene and dissolving cellulose in LiCl/DMAc
solution. The strong interaction between cellulose and graphene by hydrogen bond is
beneficial for the good dispersion of graphene sheets in cellulose matrix. Therefore, the
cellulose/graphene composite films displayed an obvious enhancement on mechanical,

thermal, and electrical conductivity properties.
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2.3.4.2 N-methyl-2-pyrrolidone (NMP)

It is well known that the presence of oxygen-containing groups in graphene oxide
renders it strongly hydrophilic and water soluble. Meanwhile, the good dispersion
performance of GO in other organic solvents, such as tetrahydrofuran (THF), ethylene

glycol (EG), NMP, and dimethylformamide (DMF), has been reported.

Similar to LiClI/DMAc, the combined use of NMP and LiCl can also be applied in
dissolving of cellulose. Recently, NMP has been widely employed as a starting solvent
applied in agricultural chemicals, coatings, and wood dissolution. For example,
Eberhardt et al. [78] used a solvent system based on LiCl in NMP to assess the merits of
partial dissolutions of wood samples. With the combined use of NMP and LiCl, an
obviously enhanced dissolution of wood can be achieved. Weng et al. [24] reported a
scalable and simple method to prepare cellulose/graphene composite membranes. The
fabrication of cellulose/graphene composite membranes is shown in Fig. 2.7. First of all,
graphene nanosheets (GNS) was added and dispersed in NMP. The graphene solution
was achieved after the sonication and centrifugation. Secondly, the graphene solution
was vacuum filtered by a filter paper. During the process, the color of graphene solution
changed from black to colorless. Finally, the different shapes of cellulose/graphene

composite membranes were achieved after vacuum drying.
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Fig. 2.7 (a) Schematic illustration of the preparation of cellulose/graphene composite
membranes. (b) The digital image of cellulose/graphene composite membrane indicates the

flexibility of the membrane. Reused with permission from Wiley. [24]

2.4. Cellulose/graphene composites

Cellulose as a polymeric raw material has been widely used in two general fields:
cellulose has been used as constructing materials based on cotton, wood, paper and
board. In addition, cellulose also has been used mainly as a starting material for
fabricating various functional and smart composite materials by mixing cellulose with
an inorganic/organic material with specific functionalities in an appropriate solvent.
Graphene with an atomically thin, two-dimensional structure, exhibits remarkable
electronic, mechanical, optical, and thermal properties. For combining the excellent
performances of graphene and the characteristics of cellulose, several attempts to
fabricate cellulose/graphene composite have been reported, including films,
membranes, fibers, hydrogels, and aerogels. Some solvents such as NaOH/urea
solution, [Ls, NMMO, and LiCI/DMAc were used for both dispersing of graphene and
dissolution of cellulose, in order to obtain a uniform dispersion in which graphene
interact with cellulose in nano-scale level. On the one hand, the cellulose/graphene
composites display excellent mechanical strength, improved thermal properties and
good electrical properties, due to the excellent performance of graphene and
well-dispersion of graphene in cellulose matrix; On the other hand, in view of the
unique structure of graphene and abundant oxygen-containing groups of GO, the
cellulose/graphene composites could be applied for various applications, such as water
treatment, EMI shielding, sensors, supercapacitors, and electrochemical and

photothermal devices.
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2.4.1 Cellulose/graphene composite films and membranes

Transparent cellulose films are produced mainly by the viscose process and
cuprammonium method, which are still important roles for packaging applications,
food casing, cosmetics, and pressure sensitive tapes. Compared with the cellulose films,
the cellulose/graphene composite films with the incorporation of graphene exhibit
enhanced properties, such as good electrical conductivity properties, increased thermal
properties and excellent mechanical strength. Moreover, graphene and GO endow the
cellulose film materials with various functions, extremely broadening their applications

in different fields.

2.4.1.1 Cellulose/graphene derivatives composite films with enhanced properties

Large area graphene and GO endowed enhanced mechanical and thermal
properties to composite films. Several ILs have been used to prepare composites of
cellulose with graphene. Regenerated cellulose/reduced graphene oxide
nanocomposites have been prepared by a green and simple method based on the solvent
of 1-allyl-3-methylimidazoliun chloride (AmimCl) [54]. Notedly, the addition of a
small amount of reduced GO could significantly decelerate the dissolution of cellulose
in AmimCl. Thus, this provided a simple method to control the mechanical and thermal
properties by changing the dissolution time. Fig. 2.8 displays the mechanical properties
of cellulose/reduced GO composite films and cellulose film. The tensile strength and
the strain at break of cellulose/reduced GO composite films increase obviously,
compared with the pure cellulose films. For example, composite film prepared with
dissolution time of 4 h exhibits about 390 % increase in strain at break and about 11 %

increase in tensile strength, respectively.
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Fig. 2.8 Mechanical properties of different cellulose/graphene composite and cellulose films

with different dissolving time. Reused with permission from American Chemical Society. [54]

NMMO is an environmentally friendly solvent for cellulose and an excellent
dispersing agent for GO. Kim et al. [41] used NMMO monohydrate solvent to prepare
the cellulose/GO composite films. As expected, NMMO and GO interacted strongly
and the rheological properties, mechanical properties, and thermal properties of the
composite films were improved, even with a small amount of GO. In addition, thermal
annealing of the cellulose/GO composite films removed the oxygen groups of GO and

endowed the composite films to the electrical conductivity.

The aqueous solvent systems also have great potential to fabricate many
functional cellulose composites. The cellulose/GO composite films were prepared by
adding GO and cellulose in LiOH/urea solvent followed by coagulation in ethanol [67].
Fully exfoliated GO were added into cellulose matrix and randomly dispersed in
cellulose by a facial method. Physical interactions between cellulose and GO were

confirmed using XRD, XPS, and Raman. Even with only a small amount of GO, the
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composite films exhibited three times greater elongation at break and a 120 %
improvement in the tensile strength compared with the pure cellulose film. It has been
confirmed that cellulose also could be well dissolved in NaOH/urea aqueous solution at
low temperature [79]. Regenerated cellulose/GO composite films have been fabricated
in NaOH/urea aqueous solution by a green and simple method. The structure, thermal
stability, and mechanical properties of these composite films have been investigated by
wide-angle X-ray diffraction, scanning electron microscopy, thermal analyses, and
tensile strength measurements. The results obtained from those different studies
revealed that cellulose and GO are mixed homogeneously. The thermal stability and
mechanical properties of the composite materials are improved significantly over those
of pure cellulose. The cellulose/GO film showed a high storage modulus up to 180 °C.
The effect of the amount of GO content in the composite material has also been

investigated.

Another solvent used for dissolving cellulose and dispersing graphene or GO is
LiCl/DMAc. Cellulose/graphene films can be obtained by mixing solutions of both
cellulose matrix and graphene in LiCI/DMAc, exhibiting strong interactions between
the polar groups of the two components [77]. These interactions provided the
nanocomposite films with enhanced mechanical and thermal properties, as well as
improved electrical conductivity. Especially, the nanocomposite with 1.6 wt.%
graphene had a Young’s modulus of 7.2 GPa, thus it is increased by 110 % compared to
3.4 GPa of neat cellulose, and the tensile strength of the composite is 148 MPa,

corresponding to an increase of 66% compared to 89 MPa of neat cellulose.

Apart from their common solvents for dissolving cellulose and dispersing
graphene or GO, there are also many method and suitable solutions to prepare the
cellulose/graphene composite films with enhanced properties. For example, Luong et al.
[80] fabricated the cellulose/graphene composite film with excellent electrical and

mechanical properties by adding graphene into the amine-modified nanofibrillated
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cellulose. With the addition of only 0.3 wt.% graphene, the resultant cellulose/graphene
composite film can reach the electrical percolation with an electrical conductivity of
4.79x10* S m™. Moreover, the tensile strength of cellulose/graphene composite film
also obviously improved with addition of 0.3 wt.% of graphene, compared with
graphene oxide and cellulose film. Furthermore, the elongation at break of the
composite cellulose/graphene (8 wt.%) composite film is much higher than that of
graphene oxide film. Secor et al. [81] reported high conductivity and inkjet-printed
graphene patterns based on the platform of ethyl cellulose for flexible electronics. The
graphene ink is fabricated by solution-phase exfoliation of graphene in ethanol and
ethyl cellulose. The graphene/ethyl cellulose composite shows tolerance to bending
stresses, which allow the composite applied in a wide range of flexible and printed

electronic fields.

Nanocrystalline cellulose (CNC), the nanoscale derivatives of cellulose, has
attracted more and more attention due to its special properties and unique structure.
Valentini et al. [42] fabricated conductive CNC/GO composite films through casting
GO solution onto CNC. With the addition of GO, the CNC/GO composite film
exhibited electrical conductivity and enhanced wettability when the film was applied to
an electric current. This result opens a simple and efficient way for the paper electronic
based on GO and CNC. Wang et al. [82] prepared a strong and conductive
CNC/graphene composite film by dispersing GO and CNC in water. The hot-pressing
method induced the well-aligned graphene sheets. Therefore, the modulus and tensile
strength of resultant CNC/graphene composite film improved by 57 % and 33%,
respectively, compared with net graphene paper. Moreover, the hybrid paper also
displays good thermal conductivity performance. These flexible, “green”, and low-cost
CNCl/graphene composite films have the potential in the application of packaging, and

heat-conducting fields.
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2.4.1.2 Gas permeable materials

Cellulose is considered an environmentally friendly, promising and potential
substitute in protective and packaging applications, which is ascribed to the
biodegradability, low-cost, and biocompatibility. However, cellulose film, as the
packaging material, has a poor performance as gas barrier, which limits the use of
cellulose in packaging applications. The incorporation of GO sheets into different
polymeric films is beneficial for the effective enhancement of gas barrier performance,
which is due to the large aspect ratio and high specific surface area of GO sheets.
Huang et al. [66] reported the preparation of cellulose/GO composite film in
NaOH/urea solution by an efficient, low-cost and simple method. Fig. 2.9 displays the
morphology and evolution of GO sheets during the preparation of cellulose/GO
composite films. Firstly, NaOH and urea easily damaged the intra- and intermolecular
hydrogen bonding of the cellulose chains at low temperatures. Urea, water, and sodium
ions formed an “overcoat” structure, surrounding the cellulose molecules and
preventing the self-aggregation of cellulose molecules. Due to the strong interaction
between GO sheets and cellulose matrix, GO sheets were uniformly and randomly
dispersed in NaOH/urea solution. The low-viscosity of the NaOH/urea solution results
in the parallel alignment of the GO sheets in the cellulose matrix, induced by
gravitational forces. Secondly, stable physical crosslinking networks are formed
because of the self-association of the cellulose chains. Finally, the cellulose/GO
hydrogels are transformed into cellulose/GO composite films by the hot-pressing
method, and the excellent alignment of GO sheets is further preserved during the
processing procedure. Thus, the high orientation and well dispersion of GO sheets

improved the barrier properties of cellulose composites.
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Fig. 2.9 Schematic representation of cellulose/GO composite morphology and its evolution
during the fabrication of composite films. Reused with permission from Royal Society of

Chemistry. [66]

2.4.1.3 Multifunctional sensor materials

In the recently years, cellulose has been considered as smart and functional
materials in flexible electronics, sensors, and actuators. Graphene also have excellent
electronic transport properties and high electro-catalytic activities, which make they
suitable for electrochemical supercapacitors, optoelectronic devices, and
multifunctional sensors, such as strain sensor, humidity sensor, wearable sensor, and

gas sensor. Till now, the functional and smart cellulose/graphene composite materials
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are being studied in the sensing fields. Yan et al. [83] prepared flexible and high-strain
sensors based on nanocellulose and graphene. The stretchable strain sensor was
achieved by embedding the flexible cellulose/graphene nanopapers in an elastomer
matrix. These strain sensors exhibited high-strain and all-directional sensing
performance, which is very important for the detection of human motion. As shown in
Fig. 2.10, the functional nanopapers were attached on gloves to detect the finger
movement. Moreover, Xu et al. [84] also prepared functional and smart sensors based
on inverse opal cellulose and rGO for the detection of human movement, such as
wrist bending movement, finger bending movement, different movements of the
human throat, and head rotation movement as well as NaCl concentrations in the

sweat, as shown in Fig. 2.11.
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Fig. 2.10 Wearable strain sensors for the detections of finger movement. Reused with

permission from Royal Society of Chemistry. [83]
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Fig. 2.11 Photograph and relative resistance change of cellulose/rGO composite film attached

on various parts of body to detect different human movement and sweat. Reused with

permission from Royal Society of Chemistry. [84]

Kafy et al. [85] reported the cellulose/graphene nanocomposites as liquid solvent

sensor and semiconductor based on the change of surface capacitance when it interacts
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with solvents. The cellulose/graphene composite film with excellent dielectric,
electrical, and mechanical properties was prepared by combining cellulose with
modified graphene oxide (CFGO) sheets in a well-controlled manner. The
cellulose/graphene composite film displays fast response and excellent sensitivity to
organic solvents. The performance as solvent sensor was also evaluated based on
relative capacitance changes caused by interactions with various solvents. As shown in
Fig. 2.12, the cellulose/graphene composite film is able to distinguish different organic
solvents because of different relative capacitance change. The sensing ability and

selectivity is explained based on solubility parameters and diffusion processes.
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Fig. 2.12 (a) Frequencies dependency of the dielectric constant of cellulose and CFGO. (b)
Relative capacitance change of cellulose/CFGO composite film caused by different solvents.

Reused with permission from Elsevier. [85]

2.4.1.5 Supercapacitors

Graphene and its derivatives have demonstrated versatile feasibility for
energy-storage devices and flexible electronics due to their special structure with

versatile electrochemical properties and their atomic thickness. Notedly, flexible

38



macroscopic assemblies of graphene or related polymer composites have been used as
soft electrodes for supercapacitors and flexible batteries. Ouyang et al. [86] reported the
successful preparation of cellulose/rGO composites by an efficient, simple, and
scalable method. In this work, ball milling was applied for chemical reduction of GO.
The hydrogen bond interactions between cellulose and rGO sheets and the efficient
mechanical shearing of ball milling are beneficial for the enhancement of crystallinity
and thermal stability of cellulose/rGO composites. As shown in Fig. 2.12 (a), the
cellulose/rGO composites function as working electrodes. The cyclic voltammetry (CV)
curves in Fig. 2.12 (b) exhibited ideal capacitive behavior with nearly rectangular shape,
indicating excellent electrochemical performance of the cellulose/rGO composite. In
Fig. 2.12 (c), the galvanostatic (GV) curve of the cellulose/rGO composite has a
symmetric nature with no drop, demonstrating small mass transfer resistance, good
charge propagation behavior in the 3D porous structures, rapid current-voltage
response, and good electrochemical capacitive behavior. Nyquist plots of
cellulose/rGO composite are displayed in Fig. 2.12 (d). The well overlap of these
curves demonstrated the electrochemical stability. Fig. 2.12 (e) shows the impedance
phase curve. The cellulose/rGO composite exhibited capacitive behavior with no
capacitor-transition in a wide frequency range. Moreover, the high-porous network of
cellulose/rGO composite with high specific surface area results in the fast charge
propagation and thereby it displays suitable applications in the fields of supercapacitors,

catalyst supports, and adsorption.
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Fig. 2.13 (a) Schematic illustration of the supercapacitor device prepared by using
cellulose/rGO composite film as working electrodes. (b) CV curves of cellulose/rGO
composite film at different scanning rates. (c¢) Cycling GV charge/discharge test of
cellulose/rGO composite at 150 mA g™, Inset: seven detailed continuous cycles. (d) Nyquist
plots of the cellulose/rGO composite film. Inset: an expanded view of Nyquist plot. (e)
Impedance phase angle plot of cellulose/rGO composite film. Reused with permission from

Elsevier. [86]

2.4.1.6 Lithium sulphur batteries

As we know, the combination of amine-functionalized cellulose and reduced GO
resulted in graphene nanocomposite paper with high mechanical properties and
excellent electrical conductivity. Patel et al. [87] have combined graphene and cellulose

in a simple and easy method to fabricate conductive and porous graphene/cellulose
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composite for lithium sulphur batteries. The resultant graphene/cellulose/S composite
material was used as the positive electrode for Li-S batteries. It was found that the
well-designed cellulose/graphene composite material with low surface area displays
excellent electrochemical performance and good stability. The nanocellulose structure
functions as the matrix for the S-graphene mixture and avoids the opening of graphene
fillers. At the same time, the well-dispersed graphene also prevents diffusion of lithium
polysulphides into the electrolyte and ensures the good stability and long cycle life.
This work demonstrates the potential application of cellulose/graphene composite as

the host matrix for the Sulphur impregnation

2.4.2 Cellulose/graphene composite fibers

Cellulose /graphene nanocomposites can also be in the form of fibers, with the
help of the spinning process. Tian et al. [88] prepared cellulose/graphene composite
fibers by using a pilot-scale wet spinning method. The incorporation of 0.2 wt.%
graphene in cellulose matrix can significantly increase the tensile strength and Young’s
modulus of the fiber, demonstrating the efficient load transfer between the cellulose
matrix and graphene sheets. Moreover, the addition of 0.2 wt.% graphene also increases
the onset decomposition temperature by 44 °C. The cellulose/graphene composite
fibers display excellent performance of thermal stability and dynamic heat transfer. The
cellulose/graphene composite fibers expand the application of cellulose/graphene

composite in fibrous materials.

Shaya et al. [89] reported an environmentally friendly and facile method to
fabricating composite fibers based on graphene nanoplatelets and cellulose.
Nanocomposite fibers with nano-scale reinforcements could have potential to broaden
fiber applications. The unique surface features and the high aspect ratio of graphene
lead to great improvements of the nanocomposite fiber properties. The
cellulose/graphene composite fibers were wet spun by using an IL solution of

1-ethyl-3-methylimidazolium acetate (EMIMACc) as solvent. The addition of graphene
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into cellulose generated electrical conductivity. Moreover, the composite fibers also

exhibited significant improvements in char yield and thermal stability.

Nanofibrillated cellulose (NFC) is a plentiful 1D material with a length in
microscale and a diameter in nanoscale. Due to its excellent mechanical properties with
an elastic modulus of ~140 GPa, NFC can be used as a building block for high strength
composite materials. In addition, since this material has strong interacting surface
hydroxyls, it also can act as an impressive binder/reinforcement. As we know, 2D GO
nanosheets exhibit a high aspect ratio, remarkable mechanical properties, and good
processability, making the GO nanosheets another possible building block for high
strong microfibers. Li et al. [90] prepared the high-performance fibers by hybridizing
graphene oxide and wood cellulose. Fig. 2.14 shows the structure of the NFC/GO
hybrid microfibers. In the hybrid microfiber, NFC fibers and GO nanosheets align
along the direction of the microfiber. Metal ions (Ca®) link GO nanosheets and the
NFC together to create even tougher and stronger microfibers. These well-aligned
hybrid microfibers are much stronger than microfibers composed of NFC or GO alone.
Both the experimental results and molecular dynamics simulations reveal the
synergistic effect between GO and NFC: the bonding between neighboring GO
nanosheets is enhanced by NFC because the introduction of NFC provides the extra
bonding options available between the nanosheets. In addition, NFC fibers function as
‘lines’ to ‘wrap and weave’ GO sheets together. In turn, GO sheet also function as a
bridge to contact the neighboring NFC fibers, and thereby improving the performance
of mechanical properties. The excellent design of mechanically strong composite fibers

can be applied in high-quality building fields.
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GO nanosheet

Fig. 2.14 (a) Schematic illustration of the NFC/GO composite microfiber with NFC fibers
along the microfiber direction and aligned GO nanosheets. (b) The increased interaction
between GO nanosheets and NFC by the addition of Ca®*. Reused with permission from Nature

Publishing Group. [91]

2.4.3 Cellulose/graphene composite hydrogels and aerogels

Hydrogels network structures obtained by chemical cross-linking or physical
aggregation contain large amounts of retained water. Cellulose hydrogels are attracting
attention in various fields such as wastewater treatment, drug delivery, sensing, and
wound dressing due to their low cost, low toxicity, excellent hydrophilicity,
biocompatibility, and biodegradability. However, the cellulose hydrogels suffer from
the lack of mechanical performance, which limited their further product applications.
Recently, by regenerating the mixture of reduced graphene oxide and wood pulp from
their IL solution, highly tough cellulose/graphene composite hydrogels were fabricated
[92]. Fig. 2.15 shows increased mechanical strength of cellulose/graphene composite
hydrogels. ILs are efficient solvents for cellulose. Meanwhile, ILs can also disperse
bulk-quantity of graphene sheets. Firstly, when the IL solution of graphene and the IL

solution of cellulose were mixed together, the graphene sheets were uniformly
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dispersed in the IL solution. Then, the physical hydrogels could be obtained by
regenerating the solution of cellulose in water. The incorporation of graphene
significantly increased the mechanical strength and thermal stability. The mechanical
strength of cellulose/graphene composite hydrogels were related with the doping ratio
of graphene. This green and simple method could combine the excellent performances
of graphene with cellulose-based hydrogels, and hold great potential for various fields

such as in energy and biology.

Fig. 2.15 (a) Digital images of cellulose and cellulose/graphene hydrogels, (b) Digital images
of cellulose/graphene aerogels, c) Digital images of cellulose/graphene aerogels under a 4 kg

counterpoise. Reused with permission from Elsevier. [92]

Furthermore, Si et al. [93] used a facile one-step in situ biosynthesis by
incorporating graphene oxide into bacterial cellulose to prepare bacterial cellulose/GO
nanocomposite hydrogels. The results suggested that GO were well dispersed in
bacterial cellulose and that the 3D porous structure of bacterial cellulose is sustained.

Compared with the pure bacterial cellulose hydrogels, the bacterial cellulose/GO (0.48
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wt.%) composite hydrogels exhibit about 38 % increase in tensile strength, and 120 %

increase in Young’s modulus, respectively.

Apart from the application to enhance the mechanical strength and thermal
stability, the cellulose/graphene composite hydrogels also can act as the precursor to
prepare graphene/cellulose composite aerogels by the flash freezing/lyophilization
process. Aerogels are highly porous solids consisting of ultra-high volume gas-phase
fractions and three-dimensional networks of solid substrates. Because of their unique
features such as ultra-low density, large open pores, and ultra-high specific surface area,
inserting electrically conductive nanofillers into the aerogel is one of the most
promising strategies to reduce significantly the density of EMI shielding materials.
Hybrid aerogels based on cellulose and GO were fabricated by a solution
mixing-regeneration-freeze drying method [94]. After the in-situ reduction of GO by
L-ascorbic acid and the pyrolysis of cellulose/graphene aerogels, the resultant aerogels
show excellent EMI shielding performance with the best SEy, of 58.4 dB, good
electrical conductivity, flame retardancy, and hydrophobicity. Therefore, the
cellulose/graphene composite aerogels hold an opportunity for various applications
such as EMI protection, fire retardants, electrochemical devices, and waterproofing

agents.

Moreover, lightweight cellulose/graphene composite aerogels are suitable as
supporting network for polyethylene glycol (PEG)-containing phase change
composites (PCC) due to their highly porous and strong three-dimensional networks
[95]. Fig. 2.16 shows the process of the preparation of cellulose/graphene composite
aerogel and PEG/cellulose/graphene composite. PEG/cellulose/graphene composite
was prepared by vacuum-assisted impregnation with PEG. The strong and highly
porous three-dimensional network is beneficial for the encapsulation of PEG and
prevents the leakage of PEG. With addition of 5.3 wt.% graphene, the composite

aerogel displays a high thermal conductivity of 1.35 Wm'K™, 463 % higher than the
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composite without graphene. In addition, even compressed at 70 °C (upon melting

point of PEG) the composite aerogel keeps their shape stable without any leakage.

Fig. 2.16 Schematic illustration of experimental fabrication of cellulose/graphene composite
and cellulose/graphene/PEG composite aerogels. Reused with permission from Wiley-VCH

Verlag. [93]

Green aerogels can also be prepared with cellulose and GO by adding GO in
cellulosic solution in NaOH/thiourea/H,0O, followed by gelation, solvent exchange, and
freeze drying [96]. Traditionally, cellulose industries use for cellulose processing a
variety of solvents that are highly toxic and produce harmful products. These include
CS, and cuprammonium solutions, which generate heavy metal residues.
NaOH/thiourea/H,O is considered to be an environmental-friendly solvent because of
the absence of volatile chemicals during the dissolution process. The presence of GO
accelerated the gelation process and induced strong interactions with cellulosic chains,
resulting in important increase of the compression strength and Young’s modulus by 30 %

and 90 %, respectively.

2.5. Cellulose/graphene-based functional materials

The presence of oxygen-containing groups in graphene oxide renders it strongly
hydrophilic and water soluble, and it also provides great opportunities to prepare

various functionalized GO/cellulose composites by chemical modification. In addition,
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it was proved that there was a large amount of water and highly porous networks in
cellulose/GO composite. Therefore, cellulose/GO or cellulose/graphene composites
also have been used mainly as a precursor material for fabricating various functional
composite materials by mixing cellulose/graphene with an inorganic/organic material
with specific functionalities in an appropriate solvent. Thus, the fabrication of
functional materials based on cellulose/graphene, which combine the unique structure
and properties of nanomaterials and excellent performance of cellulose/graphene

composite, are of great interest to polymer science.

2.5.1 Antibacterial activities with silver nanoparticles

Chook et al. [97] reported the preparation of an effective and porous antibacterial
cellulose membrane with embedded GO-Ag particles. The as-produced GO-Ag
particles were mixed into the cellulose solution and subsequently the mixture was
regenerated into composite membrane by immersing in sulfuric acid solution. The
introduction of GO greatly increased the mechanical and antibacterial performance of
the composite membrane. Moreover, the porous structure of cellulose/GO-Ag
membrane is beneficial for interaction of bacteria with Ag particles, and thereby
enhances the antibacterial performance of composite membrane. The
cellulose/GO-Ag membrane shows excellent antibacterial properties and has potential

applications in water treatment fields.

2.5.2 Enhanced properties with poly (vinyl alcohol) (PVA)

El Miri et al. [98] introduced CNC/GO composite nanofillers into a PVA matrix to
study the synergistic effect in improving the properties. Due to the synergistic effect
and the strong interaction, the tensile strength, the Young’s modulus, and toughness of
CNC/GO/PVA composites were significantly improved, compared with pure PVA. The
presence of CNC improved the dispersion of GO sheets in the PVA matrix and avoided
the agglomeration of GO sheets, and thereby obviously improved the mechanical

performance.
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2.5.3 Photocatalysts with Cu,0O

Tu et al. [99] introduced Cu,0 into cellulose/GO composite for the fabrication of
visible-light photocatalysts through an efficient and simple method. The in-situ
generation and well dispersion of Cu,0 in the porous cellulose matrix provides free
photoelectrons and electron holes and is beneficial for the high performance in methyl
orange photodegradation. Furthermore, the introduction of GO sheets also improved
the performance in photodegradation of methyl orange and enhanced the
photodegradation rate. The cellulose/GO/Cu,O composite films used as the
photocatalysts can be easily reused and recycled, showing another advantage in the

application in the wastewater treatment fields.

. Till now, in order to obtain a uniform dispersion in which graphene could
interact with cellulose matrix in nano-scale level, some special solvents for cellulose,
such as ionic liquids and lithium chloride /N, N-dimethylacetamide, were also used for
preparation of cellulose/graphene composites. In these cases, the cellulose/graphene
composites exhibit good electrical properties and excellent mechanical properties as
well as enhanced thermal properties. However, it should be noted that the solvents are
either expensive or not commercially available. There is no report to use the
cellulose/GO hydrogel as the starting material and a novel platform for the preparation
of various functionalized cellulose/GO composites by chemical modification. New
routes to fabricate cellulose/graphene composite in a more economic and
environmentally friendly process need to be developed. Moreover, it requires a more
comprehensive knowledge of the possible interactions between graphene and

cellulose to tailor the performance of composites based on them.
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3. Experimental part
3.1. Materials and chemicals

Cellulose (Cotton linters, DP 500) was purchased from Hubei Chemical Fiber
Group Ltd. (Xiangfan, China). Graphene oxide dispersion (GO, 4 mg/ml, monolayer
content > 95%) was purchased from Sigma-Aldrich. L-Ascorbic acid (99 %), iron
chloride (FeCls, 97 %), ferrous chloride (FeCl,, 99 %), acid orange 7 (AO7, 85 %), urea
(ACS > 99 %), sodium hydroxide (NaOH, ACS > 98 %), sulfuric acid (H,SOs,
95-98 %), hydrogen peroxide (H,O,), calcium chloride hexahydrate (CaCl,"6H,0,
98 %), potassium carbonate (K,COs;, 99 %), calcium nitrate tetrahydrate
(Ca(NOs3),"4H,0, 99 %), sodium nitrite (NaNO,, 99 % ), sodium chloride (NaCl, 99 %),
potassium chloride (KCI, 99 %), acetone, methanol, ethanol, and chloroform were
obtained from Sigma-Aldrich. Toluene (99.8 %) and Tetrahydrofuran (THF, 99 %)
were supplied by Acros Organics. All chemicals are of reagent grade. Distilled water

was used for the experiments.

3.2. Preparation of samples

3.2.1 Preparation of cellulose/rGO composites

Firstly, NaOH/urea/H,O solution was chosen as the solvent for the dispersion of
GO and dissolution of cellulose. 7 g of NaOH and 12 g of urea were added into 81 g of
distilled water and then the mixture was pre-cooled to -12 °C. 4 g of cellulose was
immediately added into the mixture. Under vigorously stirring for 5 min, the mixture
turned into the uniform cellulose solution. Subsequently, the designated amount of
GO dispersion was introduced into the cellulose solution and mixed under vigorously
stirring for 5 min. After degasification, the cellulose/GO solution was poured and
casted on a glass plate using a glass tube for a gel sheet. The thickness of the gel sheet
was controlled by two iron rings at the ends of the glass tube. The gel sheet with glass
plate were soaked into a coagulation bath with 5 wt.% H,SO,4 at ambient temperature
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for 5 min to coagulate and regenerate. The resultant cellulose/GO hydrogel was then
washed with deionized water (500 mL) for 3 days (3 times a day). In order to achieve
the in-situ reduction of GO into rGO, the cellulose/GO hydrogel was introduced into
L-Ascorbic acid (vitamin C) solution (500 mL, 30 g/L). Under vigorously stirring at 95
°C for 2 h, the color of the hydrogel became from brown to black. The resultant
hydrogel was then washed again with deionized water (500 mL) for 3 days (3 times a
day). Finally, the cellulose/rGO films were achieved by fixing the hydrogels on a
glass plate using Scotch® tape and dried for 6 h at temperature. The cellulose/rGO
aerogels were obtained by lyophilizing the hydrogels in a freeze drier (Alpha 1-2
LDplus, Christ GmbH, Germany) for 24 h. By using weight ratios of GO to cellulose
matrix of 2, 3, 5, and 8 wt.% GO, we fabricated cellulose/rGO composite aerogels with
various rGO loadings. In case of rGO/cellulose composites the weight reduction of GO
during the reducing process to rGO is ignored in the given compositions. The

fabrication of cellulose/rGO film and aerogel is displayed in Fig.3.2.1.

Casting 0.5 mm
—

Cellulose in Cellulose/GO solution Casting on a glass plate
NaOH/urea aqueous solution
l Coagulation

S
S/)/O 0
4,"..‘
0.04 mm %,;)9

Cellulose/rGO film &%
%
o
£y
o
Q@ Cellulose/GO hydrogel 5 wt% H,SQO, Solution
0.5mi in vitamin C solution

Cellulose/rGO aerogel

In-situ reduction

Fig. 3.2.1 Schematic diagram of fabrication of cellulose/rGO film and aerogel.
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3.2.2 Preparation of cellulose/GO/Fe;04 composites

An aqueous solution of FeCls/FeCl, was prepared by mixed 8 mmol FeCl; and 4
mmol FeCl, in 200 ml of water. Meanwhile, the cellulose/GO hydrogel was followed
by the same procedure as described in the 3.2.1. section. Then, the cellulose/GO
hydrogel was immediately immersed into the FeCls/FeCl, solution at room temperature
for 2 h. Subsequently, the resultant hydrogel was transferred to 100 ml of NaOH
solution (1 M) at room temperature for 5 min. During the immersion in NaOH solution,
the color of hydrogel changed from brown to black. The final hydrogel was taken out
from the NaOH solution and neutralized by washing with deionized water for 3 days.
The preparation of cellulose/GO/Fe;O4 hydrogel is described in Fig.3.2.2. For further
characterization, the cellulose/GO/Fe;O4 hydrogels were fixed on the glass plate by
Scotch® tape and dried for 6 h at room temperature to get cellulose/GO/Fe;04 films.
We obtained cellulose/GO/Fe;04 hydrogels with various GO loadings at 2, 3, 5, and 8

wt.% by adjusting the amount of GO dispersion.

(a)j«;ﬁ—‘-‘;ﬁ;‘b;@?~ (b) o (©)
‘\\3_‘(:“‘{:{5‘\“}, Dissolution B, &

< “  Regeneration |

(e)

@ Fe3+
o Fe™

. FEJOa

Hydrogen Bond Cellulose/GO/Fes0+Hydrogel

Fig. 3.2.2 Schematic diagram of the synthesis process of cellulose/GO/Fe;O,4 hydrogel.
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3.2.3 Preparation of cellulose/rGO/Fe;O4 composites

Firstly, the cellulose/GO hydrogel was prepared by the same procedure as
described in Fig. 3.2.1. In order to achieve the in-situ reduction of GO into rGO, the
cellulose/GO hydrogel was introduced into L-Ascorbic acid solution (500mL, 30 g/L).
Under vigorously stirring at 95 °C for 2 h, the color of the hydrogel changed from
brown to black. The resultant hydrogel was then washed again with deionized water
for 3 days. Subsequently, an aqueous solution of FeCls/FeCl, was prepared by
dissolution of 8 mmol FeCl; and 4 mmol FeCl, in 200 ml of water. Then, the
cellulose/rGO hydrogel was immediately added into the FeCls/FeCl, solution at room
temperature for 2 h. The resultant hydrogel was transferred to 100 ml of NaOH solution
(1 M) at room temperature for 10 min. Then, the cellulose/rGO/Fe;O4 hydrogel was
taken out from the NaOH solution and washed with deionized water for 3 days. Finally,
the cellulose/rGO/Fe;04 films were achieved by fixing the hydrogels on a glass plate
using Scotch® tape at room temperature for 6 h. The cellulose/rGO/Fe;O4 aerogels
were obtained by lyophilizing the hydrogels in a freeze drier (Alpha 1-2 LDplus,
Christ GmbH, Germany) for 48 h. We obtained cellulose/rGO/Fe;O4 composite films
and aerogels with various rGO loadings of 3, 5, and 8 wt.% by adjusting the amount of
added GO dispersion. The fabrication scheme of cellulose/rGO/Fe;04 film and aerogel

is shown in Fig. 3.2.3.
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Fig. 3.2.3 Schematic diagram of the synthesis process of cellulose/rGO/Fe;O,4 film and

aerogel.

3.3. Instruments and characterization methods

3.3.1 Characterization of morphology and microstructure, and

thermogravimetric analysis

Transmission electron microscopy (TEM) was performed on a LIBRA 200 FE
(Carl Zeiss SMT, Oberkochen, Germany) at an accelerating voltage of 100 kV. The
sample was prepared for TEM by embedding it into epoxy resin, and obtaining a thin
section with the thickness of around 100 nm using a diamond knife. The scanning
electron microscopy (SEM) was measured by an Ultra 55 (Carl Zeiss SMT AG,
Germany). Before cryo-fracturing, the samples (films and aerogels) were immersed in
liquid nitrogen for 5 minutes. The fracture surfaces were then coated with a thin gold
layer. In order to investigate the crystal structure of samples, wide angle X-ray
diffraction (WAXS) measurements were performed on a D/MAX-1200 (Rigaku Co.,
Japan) with a Lynx Eye as detector and Cu Ka as source with an incident wavelength of

0.154 nm. The diffraction patterns were recorded in the range of 10 to 70° at a scanning
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rate of 260 =1° min™'. The power-like cellulose-based samples were measured in quartz
glass capillary tubes. X-ray photoelectron spectroscopy (XPS) was carried out with an
Axis ULTRA X-ray photoelectron spectrometer (Kratos Analytical, England) and a
monochromatic Al Ka was used as the source (hv = 1486.6 eV). All XPS spectra were
corrected using the adventitious carbon (Cls) line at 284.6 eV. Fourier-transform
infrared spectroscopy (FTIR) was measured on a Spectrum 400 FT-IR/ATR
Spectrometer (PerkinElmer, USA) with the wavenumber range of 4000-500 cm™. The
Raman-spectra were obtained on a confocal Raman spectroscope alpha 300 R (WITec
GmbH, Ulm, Germany) using a 532 nm laser source, a laser power of I mW and a %20
microscope. For better comparability, the Raman-spectra were normalized to the

highest peak in the range of 800 to 2000 cm™.

Thermogravimetric analysis (TGA) was performed on a TGA Q5000 (TA
Instruments, USA). The measurements were done from 30 to 800 °C under the
protection of nitrogen with a heating rate of 10 °C min"'. UV-visible
spectrophotometry using a Evolution 220 (Thermo Fisher Scientific) was carried out to
investigate the in-situ reduction of GO to rGO at the transmittance wavelength of 800

nm.

3.3.2 Characterization of sensing abilities

The sensing performance of the cellulose/rGO composites responding to
different external stimuli (temperatures, RH, tensile strains, liquids, and vapors) was
tested by measuring the resistance change caused by the different stimuli using a
Keithley 2001 multimeter, which monitored the DC electrical resistance. The
cellulose/rGO composite films and aerogels for electrical resistance measurement
were cut from the resultant composites by different dry methods (films: 10 % 3x 0.05
mm’, aerogels: 10 x 3x 0.5 mm’). The electrical resistance values of sample were

collected every 1 s. Here, the relative electrical resistance change, R,.;, is defined by

54



Eq. 3.3.1 to compare the performance of sensors independently of the initial

resistance,

Rrey(%) = 222 X 100 (3.3.1)
0
where R, stands for the transient resistance at time ¢ and R, the initial resistance

of the sample.

The temperature sensing performance was tested in a hot-stage (Linkam LTS350
Heating/Freezing, UK). The measurements were done from 280 to 380 K and then
from 380 to 280 K with a scan rate of 1 K /min in nitrogen atmosphere. The
temperature coefficient of resistance (TCR) is usually used to qualify a thermistor.

Here, TCR is defined as
TCR = (1/Ry) X (dR/dT) (3.3.2)

where R, represents the sample resistance at initial temperature (280 K) and R

the sample resistance at temperature 7.

The relative humidity (RH) sensing performance was tested by exposing the
sample to different RH values atmospheres, created through saturated solutions of
different salts: KCI (86 %), NaCl (76 %), NaNO; (65 %), Ca(NOs3),"4H,0 (55 %),
K,COs (45 %), and CaCl,"6H,0O (35 %). Moreover, the samples were placed at a
distance of ca. 100 mm from human nose to test the change of the resistance to human

breathing cycles.

The strain sensing performance was performed on a Zwick 2.5 (Zwick Roell,
Germany) tensile machine. The film sample underwent uniaxial tensile straining with
the speed of 1 mm/min and with an initial gauge length of 30 mm, and a strain
amplitude of 2 %. In order to detect the human motions, the film sample was fixed on

the back of the forefinger and the human hand. Moreover, the film sample was also
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used as strain sensor during the bending/relaxation process with a bending angle of

about 90°.

The size of cellulose/rGO film for liquid sensor measurements is shown in Fig.
3.2.2.1. During immersion/drying cycles, the resistance values of samples were
recorded every 1 s. Moreover, the samples were also placed in a heating/cooling bath
to change and control the liquid temperature during immersion. During the drying
process, the sample was placed at atmosphere of 50 % relative humidity at 23 °C. The
different liquids chosen in this part were acetone, ethanol, water, and sodium chloride

solution (0.5 wt.%, 1 wt.%, and 2 wt.%).

3 mmI

Immersion|[ Drying
in liquid in air

Fig. 3.2.2.1 Schematic of liquid sensing test.

Vapour sensing tests of aerogels were performed by recording the changes in the
electrical resistance when the aerogel was exposed to cyclic flows of dry air and vapour.
Samples used as vapour sensors (13 x 3x 0.5 mm’) were cut from cellulose/rGO

composite aerogels (Fig. 3.2.2.2), and coated using highly conductive silver paste
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(Acheson Electrodag 1415) over the sample edges to get sufficient contacts between
electrodes and aerogels. The measurements were performed in a homemade
experimental setup as presented in Fig. 3.2.2.2. A certain concentration of vapours was
delivered to the chamber where the aerogel was placed to analysis. Here, dry air
functions as the carrier for the vapours. The concentrations of diluted vapours,
controlled by changing the flow rates using the flow contrallers MFC1 and MFC2, were

then calculated by the following equation Eq. 3.3.3,

C(%) ==L x (f’;—F) x 100 (3.3.3)

where P is the input air pressure and P; is the saturated partial pressure of different
solvents at 25 °C, f and F are the mass flow rates of MFC 1 and MFC 2, respectively.
The overall flow rate was typically set to 30 L/min. Aerogels with different filler
loadings (3 wt.%, 5 wt.%, and 8 wt.%), different vapours types (acetone, water, ethanol,
toluene, methanol, chloroform, and tetrahydrofuran), and different vapour contents
(25 %, 50 %, 75 %, 100 % of the saturated pressure) at 25 °C were tested. Each
vapour/dry air cycle is performed by an exposure to vapours for 400 s and an exposure

to dry air for 200 s.
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Fig. 3.3.2.2 Schematic of the homemade vapour sensor measurement system.
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3.3.3 Characterization of catalytic activity

For the investigation of the effect of initial parameters (temperature T, H,O,
concentration [H,O;], pH, and AO7 dye concentration [AO7]) on the catalytic activity,
the cellulose/GO (8 wt.%)/Fe;O4 hydrogel was selected as standard sample to test. For
example, 5 g hydrogel (120 x 80 x 0.5 mm?®) were immersed into 250 mL of AO7
solution and the catalytic performance was tested by monitoring of the AO7
degradation with reaction time. The concentration of AO7 was determined by testing
the absorbance of the AO7 solution at a wavelength of 484 nm. The UV-vis spectra of
the samples were obtained at room temperature in the range of 200 - 600 nm with a
UV-vis spectrophotometer (Evolution 220, Thermo Fisher Scientific). It is worth
noting that the optimisation of the experiment was carried out by changing one
parameter and keeping the others constant. The range of parameters was determined
as follows: [H,O,] =33, 22, 11, 5.5 mM; [AO7] = 0.4, 0.3, 0.2, 0.1 mM; T = 338, 318,

298 K; pH=4,35,3,2.5, 2.

Subsequently, in order to study the catalytic performance of different hydrogels
(cellulose/Fe304, cellulose/GO, and cellulose/GO/Fe;0y), the catalytic performance
for AO7 degradation was tested at the same conditions (experimental conditions:
[catalyst] = 0.2 g L', T = 298 K, [H,0,] = 22 mM, pH = 3, and [AO7] = 0.1 mM).
The initial pH of the AO7 solution was adjusted to 3 by using 1 M NaOH or 1 M HCI.
After the adjustment of pH, 5 g hydrogel (120 x 80 x 0.5 mm?) was added into 250
mL of AO7 solution. It is worth noting that the mixture should be stirred in the dark
for 30 min at 300 rpm to reach the adsorption equilibrium before the reaction. Then,
H,0, (22 mM) was added into the suspension. AO7 was degraded during the reaction
and its concentration was analysed immediately after taking off the hydrogel sample
from the AO7 solution. For the 20 consecutive cycles, the hydrogel sample was taken
from the solution and washed thoroughly with deionized water, and then it was added

into fresh AO7 solution.
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3.3.4 Characterization of electrical, dielectric, magnetic, and EMI shielding
abilities

The electrical conductivity of samples was tested by a Keithley 2001 multimeter.
Samples were cut down from cellulose/rGO/Fe;O4 composite films (size 10 x 3 x 0.04
mm®) and aerogels (size 10 x 3 x 0.5 mm’). The sample edges were coated using
highly conductive silver paste (Acheson Electrodag 1415) to get sufficient contacts
between electrodes and samples. The values of electrical conductivity for each sample
were tested at least five times and averaged. Dielectric measurements of the
cellulose/rGO/Fe;04 composite aerogels (size 10 x 3 x 0.5 mm”) and films (size 10 x
3 x 0.04 mm’) were done by a HP 8510C vector network analyzer (Keysight
technologies, USA) in the frequency range of 8.2-12.4 GHz. Magnetic properties of
cellulose/rGO/Fe;04 composite acrogels (size 5 x 5 x 0.5 mm”®) and films (size 5 x 5 x
0.04 mm’) were measured on a Lake Shore 7410 vibrating sample magnetometer
(VSM, USA) at T = 5 and 300 K. In this measurement, the VSM system rapidly
vibrates a sample between two pickup coils while applying a magnetic field. The
created alternating magnetic field induces an electric bias, which defines the magnetic
moment of the sample. The full hysteresis loop was obtained from -20 kOe to 20 kOe.
The EMI shielding effectiveness of cellulose composite films and aerogels were
performed on a Keycom waveguide WR-62 with Agilent vector network analyser
(Anritsu MS4642A, USA) at ambient temperature in the range of 8.2-12.4 GHz (X
band). The aerogel and film samples with diameters of 10 mm and different
thicknesses were placed between two X-band waveguide parts that were connected to
separate ports of the vector network analyser. Up to four samples were stacked on top
to each other to vary the thicknesses between 0.5 and 2 mm (aerogels) or 0.04 to 0.16

mm (films).
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4. Result and discussion

4.1. Cellulose/rGO composites for multiple sensing applications

Note: The results presented in chapter 4.1 are published in my paper “Smart
cellulose/graphene composites fabricated by in-situ chemical reduction of
graphene oxide for multiple sensing applications” (J. Mater. Chem. A, 2018, 6,
7777-7785) with the co-authors Petra Péotschke, Jiirgen Pionteck, Brigitte Voit, and

Haisong Qi.

4.1.1 Introduction

The continuous consumption of non-renewable resource and the “white pollution”
caused by the non-degradability of plastic polymers motivate demands from renewable
resources. Cellulose, the most abundant and inexhaustible biopolymer in nature, has
recently gained enormous attention due to its good chemical stability, non-toxicity,
biodegradability, low-cost, biocompatibility, availability, renewability, and
hydrophilicity. It is of profound importance to develop functional and smart materials
based on cellulose, because of cellulose as the robust and stable matrix or carrier has the
ability to form stable and strong stiff-chain homomolecular structures [12, 13].
Specially, numerous functional and smart nanofillerintegrated cellulose materials can
be easily fabricated by the process of mixing or coating inorganic materials in the form
of nanotubes, nanowires, and nanocrystals. These functional and smart materials can be
used in many applications such as sensors, electronic devices, for electromagnetic

interference shielding and as supercapacitors [3, 100, 101].

Over the past decades, sensors based on nanofillers have attracted numerous
interests due to their strain sensing performance. Strain sensors have plenty of
applications in detecting deformation and human motion. It is necessary to fabricate a
strain sensor material that exhibit excellent sensitivity in response to a small strain. For

example, in monitoring human health, the signals to be detected are usually very small,
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such as breath, pulse, and so on. Volatile organic compounds (VOCs) are organic
chemicals with high vapour pressure at room temperature. Some VOCs are dangerous
to human health or cause harm to the environment. Therefore, reliable, portable, and
low-cost vapour sensors or liquid sensors play increasingly important role in plenty of
applications in industrial production and safety, air quality monitoring, medical
diagnostics, aircraft, space exploration, and so on [102-105]. Nowadays, vapour
sensors or liquid sensors are of intense significance in promoting the combination
properties of vapour and liquid sensing materials, such as ultrahigh sensitivity, fast
response and recovery, high specificity, and good reversibility [106, 107]. So far, plenty
of vapour or liquid sensor materials have been reported, for example semiconductors
metal oxide (SMO), e.g., SnO; [108], ZnO [109], and a-Fe,O; [110], nano-carbons, e.g.,
carbon nanotubes [111] and graphene [112], organic semiconductors [113], intrinsically
conducting polymers (ICPs), e.g., poly(3,4-cthylenedioxythiophene) (PEDOT) [114],
and conductive polymer (CPCs) [115]. The most important characteristic that
determines the sensitivity of nanometric materials is the high surface-to-volume ratio.
This is beneficial for the adsorption of vapours on sensing materials and can enhance

the sensing properties of this vapour sensing material.

Graphene, a single nanosheet with sp*-hybridized carbon atoms, has received
more and more attention in recent years because of its outstanding mechanical
properties [116], chemical stability [117], superior electrical conductivity [118], and
strong vapour/gas adsorption capacity [119]. Thus, the high-performance material
shows great potential for many fields, e.g. in supercapacitors [120], lithium ion
batteries [121], solar cells [122], and vapour/gas sensors [123]. The unique structure of
this material renders it the electron transfer through graphene highly sensitive to the
adsorption of vapour/gas molecules [124]. All of these features for graphene are
beneficial for its sensing properties, rendering an ideal activity for humidity, liquid, and
vapour testing and detection. The adsorption of vapour/gas molecules on the surface of
graphene leads to changes in its electrical conductivity. However, the practical
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application of graphene is severely restricted by their poor dispersion and secondary
aggregation in the dispersion and mixing process, bringing about the hardship to
preserve their superiority. There have been a lot of efforts to deal with the problem,
including micromechanical exfoliation of graphite, chemical vapour deposition,
reduction of GO, etc. [38, 39, 125, 126]. Among them, preparation of graphene from
GO reduction is the most promising method for the cost-effective, large-scale
production of graphene-based materials. Many oxygen-containing functional groups of
GO sheets make them uniformly dispersible in water. Meanwhile, they offer favorable
conditions for the in-situ reduction of GO. Considering the strong aggregations of
graphene sheets, furthermore, GO is also used as the starting material in place of
graphene. In general, the vapour sensing properties can be greatly improved by the
increase of internal surface area between vapour molecules and the vapour sensor [127].
Aerogel is a synthetic porous ultralight material, which has a porous solid network that
contains air pockets [128, 129]. Due to its specific performances, such as large open
pores, high internal surface area, and low density, aerogel is very suitable for vapour

adsorption and storage.

In this chapter, cellulose/rGO composite hydrogel was successfully fabricated by
dissolving cellulose and dispersing GO in sodium hydroxide/urea/water solution,
followed by the chemical reduction of GO with vitamin C as the reducing agent. The
cellulose/rGO films and aerogels with various rGO contents were prepared by
air-drying and freeze-drying of the prepared cellulose/rGO composite hydrogels. The
cellulose/rGO composite films applied as multifunctional sensors responded to
different external stimuli, such as temperature, humidity, stress/strain, and liquids. The
vapour sensing properties of the resultant aerogels are tested by exposing them to five
vapour/dry air cyclic runs. The influences of overall rGO contents, vapour types, and

vapour concentrations on the sensing capacity was determined.
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4.1.2 In-situ chemical reduction of GO

Cotton linters from cotton as shown in Fig. 4.1.1 (a) are taken as cellulose raw
material for the regeneration of cellulose composites. The homogenous cellulose/GO
hydrogels as starting material can be used for a large number of functional and smart
materials. In this work, the in-situ chemical reduction of GO is performed to obtain the
electrically conducting cellulose/rGO composites in an environmentally friendly,
low-cost, and efficient way. It is well known that cellulose-based hydrogels prepared
from similar sodium hydroxide/urea/water solutions contain more than 90 % of water
and can form aerogels with the highly porous network structure [111, 130]. The
cellulose-based hydrogel as schematically illustrated in Fig. 4.1.1 (b) provides ideal
conditions for the easy diffusion of reduction agents and efficient reaction of reduction
agents with GO. At the same time, the cellulose-based hydrogel can preserve its
structure during the in-situ chemical reduction of GO and further can form by
freeze-drying cellulose-based aerogel with the highly porous network structure as
shown in Fig. 4.1.1 (c). During the in-situ chemical reduction, L-ascorbic acid (vitamin
C) as a non-toxic and environmentally friendly reducing agent shows excellent
reduction characteristics. For example, as shown in Fig. 4.1.1 (d) and (e), the color of
cellulose/GO hydrogels changed rapidly from brown to black after only 3 minutes. Fig.
4.1.2 shows the UV-vis transmittance of cellulose/GO and cellulose/rGO film
(thickness 0.5 mm) which illustrate the rapidity of in-situ chemical reduction. The
UV-vis transmittance significantly dropped from 7.0 % to 0.3 % at the wavelength of
800 nm after several minutes and reached nearly zero after 60 min. The resultant
cellulose/GO and cellulose/rGO films air-dried from the hydrogels as shown in Fig.
4.1.1 (d) and (e) are flexible and isotropic. These characteristics of the films are
beneficial for the application of composite films as functional and smart material. The
typical TEM image of cellulose/rGO (5 wt.%) composite film is shown in Fig. 4.1.1 ().

Obviously, the well-exfoliated rGO is efficiently dispersed in the cellulose matrix by
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the environmentally friendly and efficient preparation. The thickness of individual rGO

nanosheets is about 1.2 nm.

™~ Cellulose Molecules ® Water Molecules
® Carbon Atom o Oxygen Atom
“  Hydrogen Atom

Fig. 4.1.1 Fabrication of cellulose/GO and cellulose/rGO composites. (a) The photograph of
cotton linters. (b) Schematic of in-situ reduction of GO in cellulose-based hydrogels. (c) SEM
image of cellulose/rGO composite hydrogel. (d) Photograph of the resultant cellulose/GO and
(e) cellulose/rGO composite films (8 cm x 14 cm). (f) TEM image of cellulose/rGO

composite film.
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Fig. 4.1.2. Dependence of the optical transmittance (T,, %, 800 nm) of the cellulose/rGO (5

wt.%) composite films on the time of reduction.

4.1.3 Properties of cellulose/GO and cellulose/rGO composites

In the XRD spectra (Fig. 4.1.3 (a)) is only diffraction pattern of cellulose visible in
both cellulose/GO and cellulose/rGO composites, which can be due to the uniform
dispersion of GO or rGO and strong hydrogen interactions between cellulose matrix
and fillers. The properties and structures and cellulose/GO and cellulose/rGO
composites are also characterized by the FTIR analysis in Fig. 4.1.3 (b). The FTIR
spectrum of pure cellulose and GO shows peaks at 3360 cm™ and 3365 cm’,
corresponding to the hydroxyl groups. In FTIR spectrum of cellulose/rGO and
cellulose/GO composites, the position moves to 3335 cm™ and 3330 cm™, respectively.
Therefore, the strong hydrogen bond interactions between cellulose matrix and fillers
in cellulose/rGO and cellulose/GO composites, which led to the good compatibility of

fillers and matrix, were demonstrated by XRD and FTIR spectroscopy.
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Fig. 4.1.3 (a) XRD pattern of cellulose, cellulose/GO, and cellulose/rGO composites. (b)

FTIR spectra of GO, cellulose, cellulose/GO, and cellulose/rGO composites.

Raman characterization is a convenient and powerful technique of testing the
reduction of GO. Raman spectra of graphene often consist of two main peaks: G peak
(ca. 1604 cm™) arised from the in-plane vibration of sp” carbon atoms in the graphene
sheets and D peak (ca. 1350 cm™) assigned to the sp3 defects due to oxidation. Raman
spectra of cellulose, cellulose/GO, and cellulose/rGO composites are shown in Fig.
4.1.4. The D/G intensity ratio of rGO is around 1.54 , while the result of GO is around
1.01. This result contradicts the general expectation. During in-situ reduction, the D/G
intensity ratio should decrease as the number of sp> defects decreases due to the
reduction. However, the opposite effect has often been found in the literature [131, 132],
and is explainable by the creation of small sp> domains with large fraction of graphene
edges at lower GO reduction degrees. At higher reduction degrees, the small domains
merge to larger ones with less edges and thus the D/G intensity will decrease, as

expected.
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Fig 4.1.4 Raman spectra of cellulose, cellulose/GO and cellulose/rGO composites.

The electrical conductivity of cellulose/rGO composite films can be adjusted by
changing the content of filler. As shown in Fig. 4.1.5, the electrical conductivity of
cellulose/rGO composite films enhances significantly with the increased filler loading.
For example, the electrical conductivity of cellulose/rGO (5 wt.%) film is 8.1x107 S
cm™ and cellulose/rGO (8 wt.%) film is 6.3x10* S cm™, respectively. The electrical
conductivity of cellulose/rGO (5 wt.%) acrogel is 5.7x10° S cm™ and cellulose/rGO (8
wt.%) aerogel is 1.9x10” S cm™, respectively. The electrical conductivity of different
composite films and aerogels also confirm the successful chemical reduction and
ensure the potential application in sensing fileds. In this work, cellulose/rGO (5 wt.%)
films and cellulose/rGO (8 wt.%) aerogels were chosen for sensor tests, which is
ascribed to its suitable electrical conductivity (the electrical conductivity is not too high

and just above the percolation value).
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Fig. 4.1.5 Electrical conductivity of cellulose/rGO films and aerogels in dependence on filler

content.

4.1.4 Temperature and humidity sensor of cellulose/rGO composites

Fig. 4.1.6 (a) shows the R, of cellulose/rGO (5 wt.%) composite film under two
temperature sweeps (warming up and cooling down cycles). R of cellulose/rGO (5
wt.%) composite film decreases monotonically with increasing of temperature,
indicating that our cellulose/rGO composite film has the potential as a temperature
sensor. The negative temperature coefficient (NTC) is ascribed to semiconductor
characteristics of our temperature sensor. With increasing temperature, electron
transferred from valence states to conduction states in rGO sheets by thermal activation
[133]. The value of temperature coefficient of resistance (TCR) is about -4.9x10™* K.
The result is corresponding with other composites reported by other authors, such as the
value of multiwall carbon nanotube (MWCNT) based temperature sensors which is
about -7.0x10* K™ or -1.8x10™* K™ [134, 135]. The good reproducibility of the
temperature sensing of this cellulose/rGO composite film is also shown in Fig. 4.1.6 (a),

where the sensing signal of the film is plotted for two temperature sweeps. This result
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indicates that the filler contacts are not damaged during the temperature sweeps, thus

one can apply this cellulose/rGO composite film in the temperature sensing fields.

The resistance changes of cellulose/rGO composite films as function of humidity
are shown in Fig. 4.1.6 (b). R, of cellulose/rGO (5 wt.%) composites monotonically
increase with increasing of relative humidity (RH). The relationship between R of
cellulose/rGO (5 wt.%) composites and relative humidity can be defined as:
Rieixexp(b*RH); here b represents a positive constant. In this work, b equals 2.6. This
result is corresponding with that of glass fiberssyMWCNTs (b = 4.0) [136]. In general,
the electrical conductivity of this vapour sensor is due to the electron transfer between
rGO sheets. The increase of Ry can be ascribed to two mechanisms: adsorption of
liquid molecules on the surface of rGO sheets and swelling of the cellulose matrix. On
one hand, we marked the change of electrical resistance from swelling as ARs. The
adsorption of water immediately leads to the swelling of matrix, which destroys the
connection between rGO sheets, which brings about the decrease of the electrical
conductivity of the composite film. On the other hand, water molecules on rGO sheets
change the carrier concentrations of rGO, resulting in enhanced of electrical resistance.
We called the change of electrical resistance from absorption as AR . As shown in Fig.
4.1.6 (b), Ry of cellulose/rGO (5 wt.%) composite films can increase to about 40 %,

which is similar to that of glass fiberssMWCNTs composites [136].

Furthermore, it would be interesting to explore whether the cellulose/rGO
composite is suitable for humidity sensing. The relative humidity RH of the air in the
lab was about 35 %, while RH of human exhaled breath is about 80 % [137]. As
illustrated in Fig. 4.1.6 (¢), the cellulose/rGO composite film was placed at a distance of
about 100 mm from human nose over several breathing continuous cycles. The
response of R, of cellulose/rGO composite film over 11 breathing continuous cycles is
recorded in Fig. 4.1.6 (d). Ry increases and recovered rapidly corresponding to human

breath exhalation and inhalation cycles, due to the reversible adsorption-desorption
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process of water molecules on the rGO sheets and the reversible hygroscopic swelling
of the cellulose matrix. Notedly, the maximum of R, is about 10 % during the
breathing continuous cycles, which is corresponding with that of glass fiber/GNP

composites (14 %) [137].
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Fig. 4.1.6 Sensitivity of cellulose/rGO (5 wt.%) composite film to temperature and humidity:

(a) The temperature dependence of the R, in the temperature range of 280-380 K. (b) The

humidity dependence of R.. (¢) Schematic for in-situ monitoring electrical resistance

changes of cellulose/rGO (5 wt.%) composite film placed at a distance up to 100 mm from

one’s nose. (d) Dependence of R, on time for in-situ monitoring human breathing cycles of

inhalation and exhalation.

4.1.5 Strain sensor of cellulose/rGO composites

To explore whether cellulose/rGO composite is sufficient for strain sensing, the
Ry of cellulose/rGO (5 wt.%) composite film was recorded with the strain rate at 1
mm/min (Fig. 4.1.7 (a)). With the increasing of strain, R, of the composite increases

monotonously. Furthermore, a nearly linear relationship between R, and strain remains
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nearly until the final fracture. To proof the reproducibility of cellulose/rGO composite
film for strain sensing, Fig. 4.1.7 (b) illustrates the R, of cellulose/rGO (5 wt.%)
composite film over 10 consecutive stretching/releasing cycles. The result
demonstrated the good repeatable strain sensing performance of cellulose/rGO (5 wt.%)
composite, despite a certain level of irreversible changes. Notedly, the nonflexible and

soft contacts between rGO resulted in a consolidation process during the first cycle.

Cellulose/rGO (5 wt.%) composite film has the potential application in detecting
human hand motions, such as stretching/releasing and bending/relaxation, since the
film has excellent strain sensing properties such as high resistance response, bendability,
and flexibility. In human hand motions, the high stress values result from the high strain
rates [138]. As shown in Fig. 4.1.7 (c), Ry increases and recovered rapidly
corresponding to closing and opening a fist, whereby cellulose/rGO (5 wt.%)
composite film was attached on back of hand. R, was also increased and decreased
when the sample is under bending/relaxation continuous cycles (Fig. 4.1.7 (d)).
Moreover, cellulose/rGO (5 wt.%) composite film also indicates fast responses to
human finger bending and stretching. These curves show reproducible response of Ry
over several cycles. The reproducible responses of Ry can be attributed to the
reproducible change of rGO distances, thereby resulting in the change of electrical
resistance. The maximum value of R, for our cellulose/rGO (5 wt.%) composite film is
about 1 %, 2 %, and 8 % in three different human motions. Similar results are reported
by other researchers. For example, the maximum value of R,,; of a PDMS/SWCNT film
is between 3 % and 11 % [139]. The cellulose/rGO composite films with high strain
sensing response and flexible properties expand its application in strain sensing fields

to distinguish out different human motion by analyzing the resistance response.
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Fig. 4.1.7 The electrical responses to external strain for cellulose/rGO (5 wt.%) composite
film. (a) Stress development (black) and resulting R, changes (blue). (b) R, (blue) and
tensile strain (black) versus time during cyclic stretching to a fixed strain of 2 %. (¢) R, in
dependence of cyclic hand motions from stretch to clench. (d) R, as result of a cyclic

bending/relaxation processes. (€) R, as result of finger motions from stretch to clench.

4.1.6 Liquid sensor of cellulose/rGO composites

Fig. 4.1.8 showed the R, of cellulose/rGO (5 wt.%) composite films when the
sample was immersed in water and dried in air, in order to test whether cellulose/rGO
composites can be applied in liquid sensing. As shown in Fig. 4.1.8, when the sample
was immersed in water, Ry of the sample significantly and fast increased during the
first 20 s, and then it slowly reached a plateau value of ca. 460 % (150 s). Then, when
the sample was dried in air, R, of the sample slowly reached the initial state (350 s).
Interestingly, there is a small increase when the sample was just taken from water,
which is due to water flow effects on the surface and the fast water removal. The
adsorption-desorption of water on graphene surface and hygroscopic
swelling-shrinking process of the cellulose matrix are completely reversible and result
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in the good recovery. Further, R, of the cellulose/rGO (5 wt.%) composite film under
10 continuous water exposure-drying cycles is shown in Fig. 4.1.9 (a). Apparently, the
maximum of R, reached almost the same value and the responses of R, are
reproducible during 10 successive cycles. The cellulose/rGO composite films in this
work show excellent water sensitivity: quick response and high sensitivity. For example,
the maximum value of R, can reach as high as 460 %. This sensitivity is remarkably
higher than other liquid sensing polymer-based materials. For example, PCL/MWCNT
(0.5 wt%) composites exhibited the maximum value of Ry at about 3.5 % [140]. PLA
/MWCNT (2 wt.%) composites gave a maximum value of R, of about 6 % [141]. This
high sensitivity and fast response indicate that our sensing material is very suitable as a

water sensor.

Immersion jn water, Drying in air
0 100 200 300 400 500
Time (s)

Fig. 4.1.8 Relative resistance change (R.) of cellulose/ rGO (5 wt.%) composite film during

immersion/drying (150 s/350 s) cycle in water at 20 °C.
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Fig. 4.1.9 Sensitivity of cellulose/rGO (5 wt.%) composite film to liquids. (a) R, changes
with time during 10 immersion/drying (150 s/350 s) cycles in water (20 °C). (b) R, changes
with time during 3 immersion/drying (150 s/350 s) cycles in different solvents (20 °C). (¢) Ry
changes with time during 3 immersion/drying (150 s/350 s) cycles in water at different
temperatures. (d) R, changes with time during 3 immersion/drying (150 s/350 s) cycles in

aqueous NaCl solutions (20 °C) at different salt concentration.

Fig. 4.1.10 schematically illustrated the water sensing mechanisms of
cellulose/rGO composites. Before cellulose/rGO composite film is immersed into
water, the SEM image of the sample shows the network-like structure. The samples for
SEM test were prepared by flash freezing in liquid nitrogen after being immersed in
water for 150 s. This method can preserve the swollen state of cellulose/rGO composite
film as it was in water and shows a much more open structure than that before
immersion in water. The mechanism of the liquid sensing performance is in consistence

with that of RH sensing performance described before. On the one hand, the liquid
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molecules absorbed on the surface of rGO decrease the transfer of electron, as shown in
Fig. 4.1.10 (b), and thereby decreasing the electrical conductivity of cellulose/rGO
composite film. On the other hand, the swelling behaviors of the cellulose matrix by
liquid increases the distance between rGO sheets as shown in Fig. 4.1.10 (c¢), and

thereby decreasing the electrical conductivity of the cellulose/rGO composite film.

Fig. 4.1.9 (b) illustrated the R, changes as function of time for cellulose/rGO (5
wt.%) composite films in different liquids, in order to distinguish water from other
liquids over 3 successive cycles. All curves for different liquids are reproducible.
Importantly, the maximum value of R and the shape of the curves are different, which
is ascribed to the varied swelling behavior of cellulose in different solvents. For
example, when the composite film is immersed in water, the maximum value of R, is

460 %, while the value is 20 % when the film is immersed in acetone.

Furthermore, the temperature of the liquid is also another important factor for
liquid sensing performance. Fig. 4.1.9 (¢) showed the R, changes as function of time
for cellulose/rGO (5 wt.%) composite films in water with temperature over 3
continuous cycles. All curves for different water temperature are reproducible.
However, with increasing water temperature, the maximum value of R, decreases
drastically. The relationship between the maximum value of R,; and water temperature
is linear, as shown in Fig. 4.1.11. Therefore, our liquid sensor can be used in a wide
range of temperature. In addition, the negative temperature coefficient (NTC) is
ascribed to semiconductor characteristics of our liquid sensor. With increasing the
liquid temperature, the electron transfer from valence states to conduction states in rGO

sheets is thermally activated.
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Fig. 4.1.10 (a) Schematic of liquid sensing test. (b) Schematic and (c) SEM images of the
cross-section of the cellulose/rGO composite film used for liquid sensing before (top) and

after (bottom) immersion into a liquid (150 s).
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Fig. 4.1.11 R after 150 s immersion of the cellulose/rGO (5 wt.%) composites into water

depending on water temperature.
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Apart from liquid type and temperature, ion concentration detection in liquid is
another significant task for liquid sensors. Fig. 4.1.9 (d) shows the R, changes as
function of time for cellulose/rGO (5 wt.%) composite films in water with different
NaCl contents over 3 continuous cycles. All curves for all NaCl contents are
reproducible. However, with increasing NaCl contents, the maximum value of Ry
decreases drastically. The different resistance response of cellulose/rGO (5 wt.%)
composite films with different salt concentration can be attributed to the conductivity of
the salt water which contributes to the electron transport. Therefore, it can expand the
application of our liquid sensors in many fields, such as monitoring of body fluid,
seawater, sweat, and so on. For example, our flexible liquid sensors can monitor human

sweat to analyze human health by recording the salt concentration.

4.1.7 Vapour sensor of cellulose/rGO composites

The response and recovery properties, as significant factors for assessing the
capability of vapour sensors, were investigated. In the vapour sensing part, aerogels are
very suitable for vapour adsorption and storage, due to their unique features such as low
density, large open pores, and high internal surface area. Thus, we choose composite
aerogel instead of composite film. Fig. 4.1.12 (a) displays the resistance response of
cellulose/rGO (8 wt.%) aerogels to saturated methanol vapour at room temperature.
Before the exposure to methanol vapour, the resistance change was collected for 200 s
exposure to dry air to obtain an unwavering Ry. Then, the aerogel was exposed to
methanol vapour and dry air for ten cycles. As we can see, once the aerogel is contacted
with methanol vapour, the R, value of the aerogel increases immediately and reaches
about 20 % after about 50 s. After 400 s the R, value is about 40 %. As shown in Fig.
4.1.12 (b), Ry reached a plateau value (about 45 %) after about 1000 s of exposure.
Notedly, it needs a long time to reach the plateau for methanol vapour. For better
comparison with other vapours and evaluation of vapour sensitivity in a shorter time,

each vapour/dry air cycle is performed by an exposure interval of 400 s followed by a
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recovery interval of 200 s in dry air. The fast response performance of the vapour sensor
suggests that the cellulose/rGO composite is very sensitive to methanol vapour.
Subsequently, the R value sharply decreased and quickly recovered to the initial value
during the following 200 s of exposure of the cellulose/rGO aerogel to dry air. The
curve of the resistance change displays a small hysteresis (2 %) to Ry, resulting from
methanol molecules remaining in the aerogel and some unrecoverable destruction of
the initial rGO network caused by swelling. Resistance changes were recorded for ten
cyclic runs of methanol vapour exposure and recovery to confirm further the
reproducibility. As can be seen from Fig. 4.1.12 (a), very consistent results with each
cycle are observed. It is observed that the resistance changes of aecrogels and maximum
resistance change (about 40 %) are quite stable and reproducible after several cyclic
runs of methanol vapour and dry air, suggesting that cellulose/rGO aerogels show a
high repeatability characteristic. Clearly, the cellulose/rGO composites show a positive
vapour coefficient to methanol vapour. The result is similar to other rGO-based
materials for vapour/gas sensing [ 142, 143]. It is reported previously that the resistance
change AR of vapour sensor mostly can be divided into two parts: (1) we marked the
resistance change resulting from swelling as ARs. The absorption of vapour or gas
molecules immediately leads to the swelling of the cellulose matrix, which destroys the
electrical connections between the rGO sheets, and this brings about the decrease of the
electrical conductivity of the composite aerogel. (2) On the other hand, the adsorbed
vapour molecules or gas molecules on the surface of rGO also change the charge carrier
concentration of rGO, leading also to an increase of the electrical resistance. We called
the resistance change from absorption as ARa. Thereby, AR = ARa+ ARs. The
open-porous structure of the cellulose matrix provides some advantages for vapour
diffusion and penetration because of their large surface area and numerous vapour
channels. Therefore, swelling and de-swelling of the cellulose matrix as well as
adsorption and desorption of the vapour molecules on the rGO sheets are fast and

effective, which is favorable for triggering the electrical resistance changes.
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Fig. 4.1.12 The response of resistance of cellulose/rGO (8 wt.%) aerogels to methanol vapour
(Ci=27.6 %) at 25 °C. (a) Ten cycles by an exposure interval of 400 s followed by a recovery

interval of 200 s in dry air; (b) One complete cycle with the plateau.

The sensitivity of cellulose/rGO aerogel sensor in dependence on filler content
was also investigated for methanol. Fig. 4.1.13 shows the R, values of cellulose/rGO
composites with different rGO content. Larger R, are observed at higher rGO loadings.
Similar findings are reported in previous literature with carbon nanotubes (CNTs) [144]
and carbon black (CB) [145] containing systems. Notedly, similar resistance changes
(35.3 %, 40.2 %) were observed for these composites with 5 wt.% and 8 wt.% rGO
loading. On the one hand, a higher rGO loading decreases the probability of destruction
of already formed rGO connections through the expansion of cellulose. Thus, ARg is as
higher as lower the density of the conductive network is, i.e. just above the electrical
percolation concentration. On the other hand, the three-dimensional open porous
network of this cellulose aerogel offers efficient contact between methanol vapour and
rGO sheets. A higher loading of rGO strongly enhances the relative resistance change
driven by the absorption of methanol vapour on rGO sheets. Here, obviously, ARx
plays an important role, which relates to an efficient destruction of already formed rGO

networks resulting from the absorption of methanol vapour on rGO sheets.
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Fig. 4.1.13 (a) R, of cellulose/rGO composites in dependence on different rGO loadings
during exposure to methanol vapour; (b) Mean maximum R, values of composites with

different rGO loadings.

Since the selectivity is an important factor for the evaluation of the vapour sensor
performance, different vapours with different polarity, e.g., methanol, ethanol, acetone,
water, chloroform, toluene, and tetrahydrofuran (THF) have been studied (Table 4.1.1).
From Fig. 4.1.14 (a), the R, of cellulose/rGO (8 wt.%) composites exposed to four
different vapours for five runs are displayed. All curves show positive vapour
coefficient and good reproducibility. Moreover, the difference in the maximum
resistance changes and the curve shape demonstrate different interactions between the
aerogel and vapour molecules. Therefore, it is achievable to distinguish different
vapour behaviors when in contact to the aerogel. For example, once the aerogel is in
contact with acetone vapour, Ry increased immediately and R, reached a plateau
value after short exposure time. Ry can hardly increase further since the rGO surface
sites are already occupied by the acetone molecules reaching a saturated state.
Meanwhile, the swelling of cellulose matrix also reached a saturated state. Otherwise,
R;e1 increases steadily during exposure to water molecules, which indicated the slow
adsorption of water molecules and slow swelling of cellulose matrix. The mean of the
maximum R, of 5 cyclic exposures of the aerogels to seven different vapours for 400 s

versus polar solubility parameter (p) are compared in Fig. 4.1.14 (b). Cellulose, as the
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polar material, has affinity to polar solvents (such as water, ethanol, acetone, and
methanol), but the correlation to the polarity of the solvent vapours is poor since the
signal intensity depends also on the vapour concentration, i.e. the partial vapour
pressure of the saturated gases. As shown in Fig. 4.1.14 (b), the polar vapours cause
relatively high resistance change responses, with R, value being about 21-40 %.
Despite the relatively low saturated vapour concentration of only 3.2 %, water vapour
shows relatively high responses, with R, value being about 19.6 %. Water molecules
lead to a very pronounced swelling of the cellulose matrix, resulting in rather high
resistance change. The low vapour pressure of water also explains the steadily increase
of Ry during the exposure to water molecules (Fig. 4.1.14 (a)), where no equilibrium is
reached after 400 s, but the recovery is fast and nearly complete after 200 s in dry air.
Otherwise, vapours with lower polarity such as chloroform and THF show similar
relative electrical resistance change response, with the R value being about 25.7 and
34.3 %. These solvents have high vapour pressure, resulting in fast filling of the aerogel
gels, where they can interact with the matrix and rGO. Consequentially, the vapour with
the lowest partial pressure and lowest polarity, in our case toluene, has the smallest
effect on the resistivity of the aerogel. Overall, their highly open-porous network
structure endows the composite aerogels good sensing performance to both polar and

nonpolar vapours, which expands the application potential.
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Fig. 4.1.14 (a) R of cellulose/rGO aerogels during five vapour/air exposure cycles at 25 °C; (b)
the mean R, values after exposure to vapours for 400 s.
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Table 4.1.1 Different solvents with chemical formulas, solubility parameter from polar bonds
between the molecules (6p) [146], saturated partial pressure (P;), saturated vapour concentration

(C)), and the mean of the maximum relative electrical resistance change (R,) after 400 s at 25 °C.

Solvent Chemical op (MPa) P; (kPa) C; (%) Rie1 (%)
formulas

Water H,O 16.0 32 32 19.6
Methanol CH;0H 12.3 28.0 27.6 40.2
Ethanol CH;CH,0OH 8.8 8.0 7.9 21.3
Acetone CH;0CH; 10.4 30.6 30.2 32.7
Toluene C¢HsCH; 1.4 3.8 3.8 6.9
THF (CH,)4O 5.7 23.5 232 25.7
Chloroform CHCl, 3.1 80.7 79.6 343

Finally, the quantitative performance of cellulose/rGO (8 wt.%) aerogels for
vapour sensing was also tested. Fig. 4.1.15 displays the real-time resistance
measurement of the vapour sensor with different contents of methanol vapour at 25 °C.
The cycling test is carried out with different methanol vapour concentrations in order of
6.9 %, 13.8 %, 20.7 % and 27.6 % and then conversely from high to low concentration.
Each vapour/dry air cycle is performed by an exposure interval of 400 s followed by a
recovery interval of 200 s in dry air. The aerogel shows good recovery and fast response
for methanol vapours with different concentrations. A clear correlation of the R is
observed with increasing and, more important, with decreasing methanol vapour
concentration. This demonstrates that the aerogel has the potential for quantitative tests
of vapour contents at room temperature. Moreover, the R values show nearly linear
growth with methanol vapour concentrations, as shown in Fig. 4.1.15 (b), while an

exponential increase is observed in other materials as vapour sensors [147, 148]. For
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such CPC sensor types, the exponential increase could be explained by a
well-established sorption model reported by Feller et al. [149] and is due to solubility
increase along with cellulose swelling and penetrant clustering of vapour molecules
[150]. Here, this model is not applicable since adsorption and desorption on the

conductive filler are dominating the resistance change.
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Fig. 4.1.15 (a) R, of the cellulose/rGO (8 wt.%) composites with different contents of
methanol vapour at 25 °C; (b) the mean R, values after exposure to vapours for 400 s with

different contents of methanol vapour at 25 °C.

4.1.8 Summary

The cellulose/rGO composite films and aerogels are fabricated by NaOH/urea
solution to dissolve cellulose and disperse GO and followed by in-situ reduction of GO.
Vitamin C, which is used here as the reduction agent, shows not only good reduction
characteristics but also stands out as an eco-friendly and non-toxic materials. The
resultant cellulose/rGO composite prepared by this efficient and simple method show
high resistance sensitivity to environmental temperature, humidity, liquid, vapour, and
strain stress. At the same time, the cellulose/rGO films can be applied in detecting the
human motions and human breath cycles. Liquid temperature, liquid type, and ion
concentration were also detected by our cellulose/rGO films. Moreover, the composite

aerogels prepared from the same material have the capability of being fast response,
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extremely sensitive, and good repeatable sensors for vapours detection and testing. It
was also revealed that discriminating and quantitative responses can be obtained in
various vapours and different contents of vapour. For methanol vapour, the aerogel
shows linear response to the vapour concentration. This makes the cellulose/rGO
composite aerogel to a candidate to quantify methanol vapour. The efficient, scalable,
and environmentally friendly preparation of novel and high-performance of vapour
sensing materials with high reproducibility is believed to develop an efficient method

and approach to achieve material for vapour sensing application.

As an outlook, besides the excellent potential applications in sensors, the approach
is also applicable for other functional properties for application in fields such as
catalysis, photonics, and optoelectronics. The presence of functional groups on GO also
provides opportunities for tailoring its chemical functionality. Thus, the cellulose/GO
hydrogel can also serve as a novel platform, which can design various materials based
on GO (or rGO, modified GO, and modified rGO) and cellulose. Furthermore, by
combining highly open-porous cellulose matrix with the nature of rGO, cellulose/rGO
composite aerogels serve as a new platform for designing a new class of

multifunctional sensing materials.
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4.2. Cellulose/GO/Fe;04 hydrogels for advanced catalytic materials

for the heterogeneous Fenton-like reaction

Note: The results presented in chapter 4.2 are published in my paper “Fe;0,
Nanoparticles Grown on Cellulose/GO Hydrogels as Advanced Catalytic Materials
for the Heterogeneous Fenton-like Reaction” (ACS Omega 2019, 4, 5117-5125)

with the co-authors Petra Pétschke, Jiirgen Pionteck, Brigitte Voit, and Haisong Qi.

4.2.1 Introduction

At present, dye wastewaters generated by textile, paper, and plastic industries are a
major source of water pollution. The dye compounds are difficult to destruct and very
stable, due to their aromatic structure. Recently, advanced oxidation processes (AOPs),
as a promising and robust approach, were widely used to decontaminate dye wastewater.
AOPs have many attractive advantages such as high degradation efficiency and low
toxicity. The mechanism of AOPs in destruction of dye is based on the formation of
highly reactive hydroxyl radicals (HO¢) to break down dye into smaller and non-toxic
substances [151]. Among AOPs, Fenton’s agent, based on hydrogen peroxide (H20O,)
and ferrous ion (Fe*"), is an attractive and efficient source for the generation of HO+ and
the non-selective degradation of dye compounds [152, 153]. It should be noted that the
homogeneous Fenton- or Fenton-like methods still have many disadvantages such as,
the expensive treatment of iron hydroxide sludge and the difficulties in recycling of the
catalyst [154, 155]. Therefore, heterogeneous Fenton-like catalysts were designed to
overcome these disadvantages. In general, the iron species are coated on the surface of
catalyst supports, such as silica [156], alumina [157, 158], clay [159, 160], zeolite [161],
and carbonaceous materials [162, 163]. Specially, carbonaceous materials, such as
CNTs [164, 165], carbon aerogels [166, 167], activated carbon (AC) [168, 169], and
mesoporous carbon [170] have been well proven as promising catalyst carriers, due to
their special catalytic performance as co-catalyst with the iron species. Recently, Voitko

et al. [171] investigated the degradation performance of GO, which is much better than
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that of CNTs and AC. This phenomenon is due to functional groups on the surface of
GO sheets. Due to the difficulty in recycling of the catalyst, using GO in heterogeneous
Fenton-like catalysts has been scarcely reported. Zubir et al. [172] prepared GO/Fe;O4
composites as a co-catalyst. Synergistic effect of GO and Fe;O4 bring about good and
stable catalytic properties. However, this co-catalyst also has many disadvantages, such

as the limitation of the convenient use and difficulty in taking off the co-catalyst.

Here, we prepared cellulose/GO/Fe;O4 hydrogel by coating cellulose/GO
hydrogel with Fe;O4 for use in a Fenton-like reaction system. As described in Part 4.1,
we have successfully prepared cellulose/GO hydrogels as the starting material by
NaOH/urea solution. On the one hand, the cellulose/GO hydrogel is beneficial for the
diffusion and reaction of Fe*" and Fe’". One the other hand, the hydrogel can maintain
its structure and shape during the degradation process. Therefore, we can easily take the
hydrogel off after degradation process, which avoids secondary pollution. Moreover,
cellulose/GO/Fe;04 hydrogel as the catalytic material can control the start and end of
the reaction by taking in and off cellulose/GO/Fe;O4 hydrogel during the reaction
process. In this work, acid orange 7 (AO7) is chosen as a model pollutant, a widely used
dye in the textile, paper, and pulp industry. Therefore, the aim of this work was to
evaluate the catalytic performance of cellulose/GO/Fe;O4 to degrade AO7. Moreover,
the influence of initial pH, initial AO7 dye concentration, temperature, and the initial

concentration of H>O; on the catalytic performance was studied.

4.2.2 Structure and morphological analysis of cellulose/GO/Fe;O4 composites

The preparation of cellulose/GO/Fe;O4 composites is shown in experimental part
(Fig. 3.2.2). We used the NaOH/urea aqueous solution in the first step to prepare the
cellulose/GO hydrogel since the NaOH/urea aqueous solution was found to facilitate
good dispersion of GO in the cellulose matrix. When the cellulose/GO hydrogel was
immersed in the FeCls/FeCl, solution, F e>*/Fe*" were adsorbed around the carboxyl

and hydroxyl groups of the cellulose and the GO sheets. Afterwards, when NaOH was
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added into the solution, Fe*"/Fe*" were hydrolysed to generate Fe(OH)3/Fe(OH),. After
the condensation of Fe(OH)s;/Fe(OH),, Fe;O4 were immobilized in the cellulose/GO

hydrogel.

The structure and morphology of cellulose/GO/Fe;O4 composites were
characterized by TEM, XPS, FTIR, and XPS measurements (Fig. 4.2.1). As shown in
Fig. 4.2.1 (a) and (b) on thin cuts of the composites, the interface of cellulose matrix
and GO sheets are densely and evenly coated by Fe;O4 with a narrowly distributed
average size of 10~13 nm (Fig. 4.2.1 (c¢)). The wide scan XPS spectra of cellulose/GO
and cellulose/GO/Fe;O4 composites are shown in Fig. 4.2.1 (d) to confirm the
generation of Fe;O4. The spectra of different cellulose/GO/Fe;04 composites display
three characteristic peaks at 711, 530, and 285 eV, representing Fe 2p, O Is and, C 1s
respectively. More detailed XPS information of cellulose, cellulose/GO, and
cellulose/GO/Fe;O4 composites are given in Fig. 4.2.2. The high-resolution scan of Fe
2p XPS spectra are illustrated in Fig. 4.2.2 (b). The spectra of different
cellulose/GO/Fe;04 composites and pure Fe;O4 all show two characteristic peaks at
724.7 and 711.2 eV, which are corresponding to Fe 2p;» and Fe 2ps), respectively.
These results agree with the case reported in the literature for FesO4 [173]. Moreover,
the charge transfer satellite of Fe 2ps/; at about 720 eV was not detected, indicating the
generation of Fe;O4 in the cellulose/GO hydrogel. FTIR spectra of cellulose/GO and
cellulose/GO/Fe;O4 composites are shown in Fig. 4.2.1 (e) to confirm the generation of
Fe;04. The FTIR spectrum of cellulose/GO (8 wt.%)/FesO4 composite shows a
characteristic peak at around 584 cm™, which is corresponding to Fe-O. Fig. 4.2.1 (f)
shows the XRD spectra of cellulose/GO and cellulose/GO/Fe;O4 composites to study
the crystal structure of Fe;O4 and confirm the formation of Fe;O4. The XRD diffraction
peak of cellulose/GO (8 wt.%)/Fe;O4 composite at 260 =30.3°, 35.4°, 43.3°, 53.6°, 57.2°,
and 62.9°, corresponding to (220), (311), (400), (422), (511), and (440) planes,
respectively. All the peaks in cellulose/GO (8 wt.%)/Fe;sO4 composite reveal the
formation of Fe;Oy4 ,as reported in the literature [174, 175].
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To calculate the content of Fe;O4 nanoparticles, the thermal degradation behavior
of cellulose, cellulose/GO, and cellulose/GO/Fe;O4 composites was studied with
raising temperature from room temperature to 800 °C under nitrogen atmosphere (Fig.
4.2.3 (a)). The residues of different composites with and without Fe;O, determined
from Fig. 4.2.3 (a) are presented in Fig. 4.2.3 (b). The content of Fe;O4 in different
cellulose/GO/Fe;O4 composite increased by increasing GO contents. With more
addition of GO which contain plenty of oxygen-containing groups into cellulose-based
hydrogel, more Fe’*/Fe*" were adsorbed around the carboxyl and hydroxyl groups of
the GO sheets and thus more Fe;Os nanoparticles were generated during the

preparation method.
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Fig. 4.2.3 (a) TGA curves of different composites and cellulose. (b) Residues of cellulose/GO

and cellulose/GO/Fe;04 composites.

4.2.3 Optimization analysis of the AO7 degradation conditions

Here, cellulose/GO (8 wt.%)/Fe;O4 hydrogel was selected as a standard sample for
the optimization of the AO7 degradation conditions. The degradation behavior of AO7
as function of the initial concentration of AO7 is described in Fig. 4.2.4 (a). The

degradation rate of AO7 decreased with increasing the AO7 concentration. This
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phenomenon is attributed to that the active sites of the hydrogel were surrounded by
excess AO7 when the concentration of AO7 was high, resulting the retarding effect.
The degradation performance of AO7 as function of the temperature is described in Fig.
4.2.4 (b). High temperature is beneficial for the fast rate of AO7 degradation. For
example, it takes 15 minutes at 338 K to reach 64 % degradation of AO7, while, it needs
as long as 45 minutes to reach the same degradation of AO7 at 298 K. This result is
ascribed to that the diffusion and mobility of AO7 and H,0, in the cellulose/GO (8
wt.%)/Fe;04 hydrogel was promoted by high temperature. Thus, high temperature is
conductive to the acceleration of AO7 degradation. However, for the sake of energy
saving, 298 K was still chosen as the reaction temperature in further optimization of the
degradation conditions. Fig. 4.2.4 (c) shows the effect of the H,O, concentration on the
degradation of AO7. The degradation of AO7 concentration after 180 min. increased
from 80 % to 98 % with the increasing of H,O, concentration from 5.5 mM to 22 mM.
However, further increase of the H,O, concentration to 33 mM resulted in only 82 %
degradation of AO7, indicating that the resulting HO* can be consumed by excess H,0,
to form hydroperoxyl radicals (HOO¢) [176]. Fig. 4.2.4 (d) illustrates the influence of
initial pH on the AO7 oxidation. Obviously, the best pH value for the degradation of
AO7 is around 3. The degradation of AO7 decreased with the increasing of pH, when
pH is greater than 3. T demonstrated that more H,O, was decomposed to molecular
oxygen. Conversely, the degradation of AO7 increased with the increasing of pH, when
pH is less than 3. This phenomenon is due to the scavenging effect of HO+ caused by
excess H'. Therefore, the experimental condition selected for in the following catalytic
activity tests of different cellulose/GO, cellulose/Fe;04, and cellulose/GO/Fe;0q4

composites are: [AO7] =0.1 mM, T =298 K, [H,0,] =22 mM, and pH = 3.
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Fig. 4.2.4 (a) Effect of the initial AO7 concentration on the degradation of AO7 by H,0,
catalysed with cellulose/GO (8 wt.%)/Fe;O, composite. (b) Effect of temperature on the
degradation of AO7 by H,0, catalysed with cellulose/GO (8 wt.%)/Fe;0, composite. (c) Effect
of H,O, content for AO7 oxidation by H,O, catalysed with cellulose/GO (8 wt.%)/Fe;0,
composite. (d) Effect of pH on the degradation of AO7 by H,0, catalysed with cellulose/GO (8

wt.%)/Fe;O4 composite.

4.2.4 Catalytic activity of cellulose/GO/Fe;04 hydrogels

Fig. 4.2.5 (a) displays UV-vis absorption spectra of cellulose/GO (8 wt.%)/Fe;04
catalyzed AO7 degradation by H,O,. The two AO7 structures are characterized by two
bands in visible region located at 484 and 430 nm, respectively. These absorbance
peaks are ascribed to hydrazine and azo form of AO7, respectively. The other two
bands in the ultraviolet region located at 230 and 310 nm are due to the benzene and

naphthalene rings of AO7, respectively [34]. With increased reaction time, these four
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characteristic bands significantly reduced with reaction time and almost disappeared
after 120 min. These results indicate that the auxochromic and chromophoric structures

of the AO7 dye was totally destructed during the heterogeneous Fenton-like reactions.

Fig. 4.2.5 (b) illustrates the removal of AO7 as function of reaction time for
different systems. In the presence of only H,O,, the degradation of the AO7 dye was
negligible during the non-catalysed reaction. This phenomenon can be ascribed to the
low oxidation potential of H,O, as compared to HOe radicals. For cellulose/GO (8
wt.%) and cellulose/Fe;O4 systems, 23 % and 64 % removal of AO7 dye was achieved
after 180 min of reaction, respectively. When both GO and Fe;O4 are present in the
cellulose composites, 71 to 98 % AO7 were removed after 180 min., increasing with the

GO content in the composite.

The higher AO7 removal caused by cellulose/GO/Fe;O4 composites compared to
cellulose/GO and cellulose/Fe;04 composites is attributed to the co-effect between GO
and Fe;0j. Firstly, since AO7 contains aromatic units as shown in Fig. 4.2.5 (a), the
aromatic ring structures of GO sheets are beneficial for the adsorption of AO7 by n-nt
interactions. Therefore, it can increase the concentration of AO7 near the active sites
[174] and boost the degradation of AO7 in the direct neighborhood [162]. Secondly, the
electron transport between Fe;O4 and GO is beneficial for acceleration of redox cycle
and thereby achieve the regeneration of Fe**, which is a crucial factor for the generation
of more HOe radicals. Concluding, the high catalytic cellulose/GO/Fe;O4 hydrogels
performance for degradation of AO7 is due to the morphological and structural

interactions between GO and Fe;Oj,.
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Fig. 4.2.5 (a) UV-vis analysis of the degradation of AO7 by H,O, catalyzed with cellulose/GO
(8 wt.%)/Fe;0, composite. (b) Effect of catalysts on degradation profiles of AO7 ([AO7] =0.1

mM, [catalyst] = 0.2 g L', pH = 3, [H,0,] =22 mM, and T = 298 K).

To demonstrate the durability of our hydrogel as the catalyst, Fig. 4.2.6 (a) shows
the removal of AO7 as function of reaction time for cellulose/GO/Fe;04 hydrogels over
20 consecutive cycles with each cycle lasting 180 min. After each cycle, hydrogel was
taken from the solution, washed thoroughly with deionized water, and then used for
the degradation of a fresh AO7 solution. As shown in Fig. 4.2.6 (a), the decrease of
AOT7 removal is negligible over 5 consecutive cycles. There is only small decrease of
AQO7 removal after 20 consecutive cycles, demonstrating the durability of our hydrogel

as catalyst.
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Fig. 4.2.6 (a) Consecutive cycles of AO7 degradation using cellulose/GO (8 wt.%)/Fe;0,
composites. (b) The long-term stability of the catalytic activity of the composites was tested by

repeated use for AO7 degradation.

As shown in Fig. 4.2.6 (b), the cellulose/GO (8 wt.%)/Fe;04 hydrogels show
better stability in the removal of AO7 dye over 5 consecutive cycles as compared with
cellulose/Fe;O4 hydrogel, which is not just less effective in AO7 degradation but also
exhibits less catalytic stability. Using cellulose/Fe;O4 hydrogel as catalyst, in the first
cycle 64 % of AO7 are destroyed, while the degradation reduces to just 14 % in the fifth
cycle. The durability performance of cellulose/GO/Fe;O4 hydrogels for the degradation
of AO7 dye over 20 consecutive cycles was greatly due to the syngenetic effect
between Fe;O4 and GO. The formation of passivated Fe;O4 on the surface of the
cellulose/Fe;O4 hydrogel resulted in the ineffective regeneration of Fe?" and thereby
brought about the low AO7 removal over 20 consecutive cycles. In the case of
cellulose/GO/Fe;04 hydrogels, the electron transport between Fe;Os and GO is
beneficial for acceleration of the redox cycle and thereby regeneration of Fe*, which
result in the loss of surface passivation of our hydrogels and thus durability of the

catalyst.
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The regeneration of Fe*” in different systems was demonstrated by the detailed
XPS results. As shown in Fig. 4.2.7 (a) and (b), the Fe 2p spectra of cellulose/GO (8
wt.%)/Fe;04 hydrogels and cellulose/Fe;O4 hydrogels show two peaks at 724.6 eV and
711.1 eV, which are corresponding to Fe 2p;, and Fe 2ps;, respectively. The
deconvolution of these two peaks into Fe’" and Fe** demonstrated the regeneration of
Fe’* by quantifying the ratio of Fe’*/Fe’". Table 4.2.1 summarizes the detailed
information of Fe** and Fe’" peaks and the calculated ratios of Fe’"/Fe*". In the
cellulose/Fe;0, system, the ratio of Fe’"/Fe** significantly increased from 2.02 to 4.56
after 20 cycles of use for AO7 degradation, but in the cellulose/GO/Fe;O4 system the
ratio of Fe*"/Fe*” remains nearly unchanged during 20 consecutive cycles, which is
attributed to the efficient regeneration of Fe*" during 20 consecutive cycles.. These
XPS results plausibly demonstrate the excellent regeneration of Fe®™ of
cellulose/GO/Fe;04 hydrogels. These XPS results are in line with the high removal

performance of cellulose/GO/Fe;O4 hydrogels, as shown in Fig. 4.2.5 and Fig. 4.2.6.
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Fig. 4.2.7 XPS spectra of (a) cellulose/GO (8 wt.%)/Fe;04 composites and (b) cellulose/Fe;0;4

composites taken after different cycle numbers of use for AO7 degradation.
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Table 4.2.1 The atomic iron composition and calculated Fe*'/Fe*" ratio of cellulose/GO (8

wt.%)/Fe;0,4 and cellulose/Fe;0,4 composites in dependence of cycle number.

Fe 2p,, Fe 2ps, Fe*'/Fe?
Cycles
Samples Fe*" (%) Fe* (%) Fe*' (%) Fe*' (%) ratio
0 22.1 8.14 44.7 24.9 2.02
1 21.4 7.36 45.4 25.7 2.02
3 225 8.01 442 252 2.01
Cellulose/GO/Fe;0, 5 22.4 7.95 442 253 2.00
10 22.4 7.75 44.4 253 2.02
20 229 8.10 43.4 25.5 2.05
0 22.0 7.77 44.7 25.4 2.02
1 21.9 8.45 48.1 21.5 2.34
3 22.4 8.35 49.5 19.7 2.56
Cellulose/Fe;0, 5 21.9 6.14 54.0 18.0 3.14
10 24.1 3.60 55.3 16.8 3.89
20 24.9 3.62 57.1 14.4 4.56

In summary, the cellulose/GO/Fe;O4 hydrogels used for the removal of AO7
exhibits excellent durability and high performance. A proposed mechanism explaining
these results is illustrated in Fig. 4.2.8. The reaction mechanism is given in Eq. 4.2.1 to

4.2.5 [177]. Firstly, the formation of HO- radicals mainly arises from the degradation
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of absorbed H,0, on the active sites of Fe;O4 (Eq. 4.2.1 and 4.2.2). Secondly, apart
from Fe;0,4, the formation of HOe radicals also results from the degradation of
absorbed H,O; due to the electron transfer mechanism in GO sheets [178] (Eq. 4.2.3
and 4.2.4). Thirdly, since GO contains many 7-conjugated sp carbon domains [179], ©
electrons on the surface of GO bring about electron transfer between Fe;O4 and GO
[180]. The feasibility of this electron transfer between Fe;O4 and GO is due to that the
standard reduction potential of Fe’"/Fe*" (+0.771 V) [164] is much higher than that of
GO (-0.19 V) [181]. Thus, in the presence of GO sheets Fe*" regenerates spontaneously
from Fe**. The possible regeneration of F e by H,0,, as show in Eq. 4.2.2, is difficult
to achieve, but the interaction between Fe;O4 and GO sheets speeds up the redox cycles
and the regeneration of Fe*" (Eq. 4.2.5). This efficient regeneration of Fe*™ greatly
promoted the formation of HO radicals. Overall, the redox cycle from Fe’* to Fe*' is a

key factor in the excellent and stable catalytic degradation of AO7.

Fe?* + H,0, - Fe3* + HO - +OH" 4.2.1)
Fe3* + Hy0, — Fe** + HOO - +H* (4.2.2)
GO¢_cop + Hy0y = GO¢_cyps + HO - +OH™ (4.2.3)
GO¢_csps + Hy05 = GO¢_gg + HOO - +H* (4.2.4)
GO;ocsp2 + Fe* = GO¢_cgys + Fet (4.2.5)
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Fig. 4.2.8 Proposed mechanism of cellulose/GO/Fe;0, hydrogel as catalyst to degrade AO7.

The stability of our cellulose/GO/Fe;O4 hydrogel and the percentage of AO7
removal is compared with other works reported in literature in Table 4.2.2 at similar
operational conditions to have a rough estimation. Our cellulose/GO/Fe;04 hydrogel
is comparatively stable and achieved high AO7 removal. Here, another obvious
convenience of our system is that the cellulose/GO/Fe;04 hydrogel structure could be
maintained over several cycles. This convenience will not bring about secondary
pollution. Our hydrogel can be easily removed from the reaction solution after the
degradation reaction. Cellulose/GO/Fe;O4 hydrogel as the catalytic material can
control the start and end of the reaction by taking in and off cellulose/GO/Fe;04
hydrogel during the reaction process. Obviously, our cellulose/GO/Fe;O4 hydrogel is

very useful for the removal of AO7.
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Table 4.2.2 Degradation performance and stability of different systems

Dyes Catalyst Percentage of Stability Conditions Refs.
removal
AO7 GO/Fe;0,4 80.0 % in 20 min pH 3; 0.1 mM [172]
dye; 22 mM
98.0 % in 180 min
AO7 BiOl/ZnFe,0, 90.5 % in 180 min pH5;20mgL"  [182]
dye; 298 K
AO7 Pillared saponite 91.8 % in 180 min pH 5; 0.1 mM [183]
clay impregnated dye; 20 mM
with Fe(Il) H,0,; 303 K
acetylacetonate
AO7 BIiOI-BiOCI/C;N;  96.6 % in 140 min 87.4 % in 140 min pH 6; 0.1 mM [184]
after the 4™ run dye; 20 mM
AO7 CdO-ZnO 69 % in 140 min pH7;20mgL" [185]
dye; 298 K
AO7 Cd-TiO, 95 % in 120 min pH2;20mgL" [186]
dye; 298 K
AO7 Ag-ZnO/CNT 98 % in 120 min 95 % in 120 min after pH 5;20mgL"  [187]
the 4™ run dye; 298 K
AO7  Cellulose/GO (8 97 % in 120 min 90 % in 180 min after pH 3; 0.1 mM This
wt%)/Fe;0, the 20™ run dye; 22 mM work
98 % in 180 min
hydrogel H,0,; 298 K
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4.2.5 Summary

In conclusion, we have successfully presented an effective, facial, simple, and
scalable method to form Fe;Os nanoparticles onto cellulose/GO hydrogels. XRD,
FTIR, XPS, and TEM indicated that Fe;O4 nanoparticles with good dispersion and
uniform size were successfully coated on cellulose matrix and GO sheets. The
optimized experimental conditions for AO7 degradation are: [AO7] =0.1 mM, T =298
K, [H,O;] = 22 mM, and pH = 3. Under these conditions, the resulting hydrogels
display 97 % AO7 removal within 120 min and retained strong degradation
performance after twenty consecutive cycles of reuse. Especially, the detailed XPS
analysis of cellulose/GO/Fe;O4 and cellulose/Fe;O4 composites indicated that the
cellulose/GO/Fe;04 hydrogel retains its high degradation activity by keeping the ratio
of Fe’"/Fe*" at 2 during the 20 heterogeneous Fenton-like reaction cycles. Therefore,
the cellulose/GO/Fe;04 hydrogel is recommended to treat other dye-contaminated

wastewaters.
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4.3. Cellulose/rGO/Fe;0, aerogels for EMI shielding application

Note: The work described in chapter 4.3 has been submitted for publication to ACS
Applied Materials & Interfaces and is presently under revision: “Multifunctional
Cellulose/Graphene/Fe;0O, Composite Aerogels for Electromagnetic Interference
Shielding”. Co-authors: Petra Pétschke, Jiirgen Pionteck, Brigitte Voit, and

Haisong Qi.

4.3.1 Introduction

Over the past decade, high performance electromagnetic interference (EMI)
shielding materials gained increasingly attention for application in civil and military
fields, such as aircraft applications, communication equipment, and electronic
equipment [188-191]. It is of increasing importance to fabricate high performance and
unique EMI shielding materials to protect against electromagnetic radiation [192, 193].
Recently, many works have been carried out to develop light weight and
high-performance EMI shielding materials using polymer composites mixed with
conductive filler such as carbon nanofibers and CNTs [194-201]. As an ideal
alternative to CNTs, graphene is widely studied as EMI shielding material, which is due
to its electrical conductivity and the high aspect ratio. Moreover, many investigations
have been carried out to introduce inorganic substances into graphene derivatives
[202-206]. In addition to the separate performance of the graphene derivatives and of
the inorganic fillers, the graphene derivatives modified by inorganic fillers can also
exhibit a combined functionality [204, 207]. High-performance EMI shielding
materials demand both conductive and magnetic components to improve impedance
matching. Therefore, in addition to conductive graphene derivatives, such as reduced
graphene oxide (rGO), magnetic fillers are also required to improve the EMI shielding
effect (SE). Because of their outstanding properties, magnetic nanoparticles have been
widely applied in electronic, biological, and environmental processes. Due to their low

toxicity, good biocompatibility and wave absorbing properties, Fe;O4 nanoparticles are
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frequently used today as EMI shielding materials. Synergistic effects between graphene
and Fe;O4 nanoparticles are beneficial for the enhancement of the complex
permeability of composite [208], and thereby for increasing the electromagnetic wave
absorption ability [209-211]. Moreover, due to their high resistivity, the addition of
Fe;04 nanoparticles also can disrupt the interconnections of graphene and thus avoid
the electromagnetic waves to enter the material easily, which could decrease the
electrical conductivity and increase the EMI shielding ability [210]. Thus, the addition
of Fe;O4/graphene hybrids into a polymer matrix can result in high performance in EMI

shielding materials.

In order to attain excellent and lightweight EMI shielding materials, an ideal
candidate matrix is cellulose aerogel, which is a porous solid network. Cellulose, the
most abundant and inexhaustible biopolymer in nature, have recently gained enormous
attention due to its good chemical stability, non-toxicity, biodegradability, low-cost,
biocompatibility, availability, renewability, and hydrophilicity. Due to its excellent
properties, cellulose aerogel is very suitable for the preparation of EMI shielding
aerogels. In the previous work of research (chapter 4.1 and 4.2), the in-situ reduction of
GO to rGO and in-situ grow of Fe;O4 onto cellulose matrix was successfully achieved.
In this work, we aimed to fabricate cellulose/rGO/Fe;04 aerogels for the application of

EMI shielding fields by forming Fe;Oy4 in the cellulose/rGO composites.

4.3.2 Characterizations of cellulose/rGO/Fe;O4 composites

Fig. 4.3.1 displays SEM and TEM images of different composites. SEM images
(Fig. 4.3.1 (a-c)) show the morphologies of cellulose/rGO (5 wt.%)/Fe;O4 film,
cellulose/rGO (5 wt.%) aerogel, and cellulose/rGO (5 wt.%)/Fe;O4 aerogel. Compared
to the cellulose/rtGO (5 wt.%)/Fe;04 film, the cellulose/rGO (5 wt.%) and
cellulose/rGO (5 wt.%)/Fe;04 aerogels own open and highly porous structures with
diameters of 300-500 nm. Fe;O4 nanoparticles locate densely and uniformly in the cell

walls (Fig. 4.3.1 (d)). The TEM image of the cellulose/rGO (5 wt.%)/Fe;04 aerogel
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reveals the formation of narrowly distributed Fe;O4 nanoparticles (with a mean
diameter at about 12 nm, Fig. 4.3.2) located in the cellulose matrix, which forms the

cell walls.

Fig. 4.3.1 Typical SEM images of different films and aerogels: (a) cellulose/rGO (5
wt.%)/Fe;0, film; (b) cellulose/rGO (5 wt.%) aerogels; and (c) cellulose/rGO (5 wt.%)/Fe;04

aerogel; (d) TEM image of cellulose/rGO (5 wt.%)/Fe;0, composite aerogel.

0 2 4 6 8 10 12 14 16 18 20
Particle size (nm)

Fig.4.3.2 Size distributions of Fe;04 nanoparticles in the cellulose/rGO (5 wt.%)/Fe;04

aerogel.
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The XRD diffractograms of the prepared composites are shown in Fig. 4.3.3 (a) to
confirm the formation of Fe;O4. The XRD diffraction peak of cellulose/rGO (5
wt.%)/Fe;O04 composite at 260 = 30.3°, 35.4°, 43.3°, 53.6°, 57.2°, and 62.9° correspond to
(220), (311), (400), (422), (511), and (440) planes, respectively. All the peaks in
cellulose/rGO (5 wt.%)/Fe;O4 composite reveal the formation of Fe;Oy, as reported in
the literature [ 174, 175]. Furthermore, the XRD diffraction peak at 21.9 °, 20.2 °, and
12.2 © existed in both cellulose/rGO and cellulose/GO composites[63]. This result

indicated their small size and their fine dispersion of fillers.

As is well known, Raman characterization is a convenient and powerful technique
of testing the reduction of GO. Two fundamental vibrations can be observed in Raman
spectra: D vibration band which is formed from a breathing mode of j-point photons
of A, symmetry and G vibration band from first-order scattering of E,, phonons by
sp° carbon [212]. Raman spectrums of cellulose/GO, cellulose/rGO, and
cellulose/rGO/Fe;04 composites are shown in Fig. 4.3.3 (b). The G-band shown in
cellulose/rGO/Fe;04 and cellulose/rGO composites red-shifted from 1596 to 1579 and
1588 cm™', respectively, compared with cellulose/GO composite. This result can be
attributed to the successfully in-situ reduction of GO to rGO and in-situ formation of
Fe;O4 nanoparticles [213, 214]. The intensity ratio of D-band and G-band reflects the
ratio of disordered sp® and ordered sp® carbon domains. The D/G intensity ratio of
celluose/rGO is around 1.54 , while the result of cellulose/GO is around 1.01. This
result contradicts the general expectation. During in-situ reduction, the D/G intensity
ratio should decrease as the number of sp® defects decreases due to the reduction.
However, the opposite effect has often been found in the literature [131, 132], and is
explainable by the creation of small sp2 domains with large fraction of graphene edges
at lower GO reduction degrees. At higher reduction degrees, the small domains merge
to larger ones with less edges and thus the D/G intensity will decrease, as expected. The
wide scan XPS spectra of different composites are shown in Fig. 4.3.3 (¢) to confirm
the formation of Fe;O4. The XPS spectrum of cellulose/rGO (5 wt.%)/Fe;O4 displays
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three characteristic peaks at 711, 530, and 285 eV, respect to Fe 2p, O 1s and, C 1s

respectively. Moreover, the XPS spectrum of cellulose/rGO (5 wt.%)/Fe;O4 displays

two characteristic peaks at 724.7 and 711.2 eV, which is corresponding to Fe 2p;,; and

Fe 2ps), respectively. These results agree with the case reported in the literature for

Fe;O4 [173]. As shown in Fig. 4.3.3 (d), FTIR spectra of different composites also

confirm the formation of Fe;O4 nanoparticles. Compared with the spectrum of

cellulose/rGO (5 wt.%) and cellulose/GO (5 wt.%) composites, a new prominent band

appeared at about 584 cm™ for cellulose/rGO (5 wt.%)/Fe;O4 composites, which is due

to the stretching mode of Fe-O.
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Fig. 4.3.3 (a) XRD pattern, (b) Raman spectra, (c) survey XPS spectra, and (d) FTIR spectra

of cellulose/GO (5 wt.%), cellulose/rGO (5 wt.%), and cellulose/rGO (5 wt.%)/Fe;0,.
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Besides, the thermal stability of different composites with temperature from room
temperature to 800 °C under nitrogen atmosphere is shown in Fig. 4.3.4 (a) to calculate
the content of Fe;O4 nanoparticles. The residues after thermal degradation of different
composites with and without Fe;O4 are recorded in Fig. 4.3.4 (b). The content of Fe;04
in the different cellulose/rGO/Fe;O4 composite is about 15 wt.% and independent of the
rGO content. The residues of the cellulose/rGO composites are also increasing with
increasing rGO content, but a quantification overestimates the rGO content. Possibly,

rGO stabilizes cellulose against degradation.
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Fig. 4.3.4 (a) TGA curves of different composite films and cellulose. (b) Residues of

cellulose/rGO and cellulose/rGO/Fe;O4 composite films.

4.3.3 Electrical conductivity of different samples

Fig. 4.3.5 shows electrical conductivity properties of cellulose/rGO/Fe;O4 and
cellulose/rGO aerogels and films. While the composites without rGO are electrically
insulating, the addition of 3 wt.% rGO increases the conductivity to the range of
about10® to 10”7 S/cm and 8 wt.% rGO addition to the range of 10 and 10~ S/cm. The
increase in film conductivity already at a content of 3 wt.% confirms a sufficiently good
dispersion and suitable distribution of the rGO sheets in the cellulose matrix. Compared

to cellulose/rGO composites, cellulose/rGO/Fe;O4 composites exhibit a small decrease
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in conductivity at the same content of rGO. The intrinsically non-conductive Fe;O4
coated on the surface of rGO can weaken the formed rGO network and impede the
transfer of electrons. Compared to cellulose/rGO and cellulose/rGO/Fe;O4 films, the
aerogels show a decrease in conductivity by more than one order of magnitude due to
the presence of the microcellular structure in the aerogels. During drying at air, the film
sample volume shrinks. Thus, the volume concentration of the dispersed particles
increases reducing the particle distance. The homogeneous dispersed rGO narrow each
other forming a dense, conductive network. In aerogels, the filler concentration in the
solid phase is same as in films, but the only few 10 nm thick walls cause much stronger
orientation of the rGO. The dimensions of the conductive paths through the volume of
aerogel are changed and much longer and thinner compared to the film, thus reducing

the conductivity.
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Fig. 4.3.5 Electrical conductivity with different rGO loadings for different cellulose

composites.

4.3.4 Dielectric properties of different films and aerogels

Figure 5 shows the dielectric constant € and its real (¢') and imaginary (&") part of
cellulose/rGO and cellulose/rGO/Fe;O4 films and aerogels (¢ = €' + i €"). The

dielectric constant of different cellulose/rGO/Fe;O4 composites decreases with
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frequency. The frequency-dependent nature of the dielectric constant of conductive
polymer composites is due to the dissipation of the charge at the polymer
matrix/conductive filler interface into heat.[215, 216] For composite films and
aerogels, increased rGO content enhanced the real and imaginary permittivity. This
result is attributed to that higher rGO content tends to form more micro capacitors and
subsequently results in higher dielectric constant. Moreover, the increased rGO
content also increased both the cellulose-rGO interface area and interfacial
polarization density.[217, 218] In the systems free of rGO only marginal differences
between the film and aerogel can be seen, emphasizing the importance of the
conductive filler on the permittivity. In presence of rGO, the microcellular structure of
aerogels significantly improved the real and imaginary part of permittivity. rGO plates
will be more oriented in the pore walls compared to their orientation in films. In
combination with some agglomeration and the longer path lengths in aerogel walls, an
increased number of micro capacitors will be formed, and increased interspace
distance between the adjacent rGO plates leads to the higher dielectric constants of

the composite aerogels.
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Fig.4.3.6 Dielectric constant € and its real part € and imaginary part €" of different cellulose

composite films and aerogels as a function of frequency.

4.3.5 Magnetic properties of different films and aerogels

The magnetic properties of cellulose/rGO/Fe;04 and cellulose/Fe;O4 aerogels and
films was measured at 300 K and in the range of -20000 to 20000 Oe. As shown in Fig.
4.3.7 (a) and (b), with increasing the rGO loading, the M; (saturation magnetization) of
cellulose/rGO/Fe;04 composite films and aerogels obviously decreased to the range of
2.2-4.0 emu/g. The M; values of cellulose/rGO/Fe;O4 composites are lower than those

of cellulose/Fe;04 composites, which is corresponding with literature [208, 219, 220].
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For cellulose/Fe;O4 and cellulose/rGO/Fe;O4 aerogels, the hysteresis loops show
similar curves and values of M; to those of the films, indicating that the microcellular
structure has not significantly influenced the magnetic properties of samples.
Cellulose/rGO/Fe;O4 films and aerogels were prepared from the same
cellulose/rGO/Fe;04 hydrogel, just by using different drying methods. The weight
content and the size of Fe;O4 of the composite films and aerogels are the same. The
distribution of Fe;O4 nanoparticles in the cellulose matrix in aerogels and films may be
different due to the preparation methods. However, these changed distributions of the
Fe;O4 nanoparticles are not strong enough to affect the magnetic properties.
Interestingly, both the composite films and aerogels exhibit the property of
superparamagnetism since there is no significant hysteresis in the M, as shown in Fig.
4.3.7. Fig. 4.3.8 is just part of Fig. 4.3.7 from -400 to 400 Oe to show coercivities of
different composites clearly. The coercivities of cellulose/rGO/Fe;O4 composites as
well as of cellulose/Fe;O4 were in the range of 30-40 Oe. This clearly proves that the
superparamagnetism was not affected by the presence of rGO in the films or aerogels.
Thus, the cellulose/rGO/Fe;04 films and aerogels can be attracted in a magnetic field.
Fig. 4.3.7 (insert) shows that the cellulose/rGO(5 wt. %)/Fe;O4 film and aerogel are

attracted by a magnet.
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Fig. 4.3.7 Magnetization of cellulose/Fe;O4 and cellulose/rGO/Fe;O4 (a) films (about 0.04 mm
thickness) and (b) aerogels (about 0.5 mm thickness). The inset show demonstrates the

magnetic attraction of the samples.
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Fig. 4.3.8 Magnetization of cellulose/Fe;0,4and cellulose/rGO/Fe;04(a) films (about 0.04 mm

thickness) and (b) aerogels (about 0.5 mm thickness) from -400 Oe to 400 Oe.

4.3.6 EMI shielding performance of different films and aerogels

The electromagnetic interference shielding efficiency (EMI SE) of
cellulose/rGO/Fe;04 aerogels and films with different thickness were tested in the
8.2-12.4 GHz range. This frequency range is used in various practical fields such as
microwaves, medical electronic devices, signal transmission, and cell phones. It is well
known that the total value of EMI SE (SEu,) 1s the sum of the reflection at the sample
surface and backside (SER), the multiple internal reflection of microwaves (SEy), and
the absorption of electromagnetic energy (SEa). The measured scattering parameters
(Si; (reflection coefficient) and S (isolation)) were used to calculate reflectivity (R),
absorptivity (A), and transmissivity (T) as follows: R=S,,%, T=S,,>, A+R+T =1.

SEot1, SER, and SE, can be expressed by:

SEtotal = _1010gT (4.3.1)
SEx = —10log(1 — R) (4.3.2)
SEA == SEtotal - SER - SEM (433)

The experimental setup did not allow to differentiate between SEy and SE4 but
SEym may be negligible when the value of SE, is higher than 10 dB. On the basis of
shielding theory, SE is determined as follow:[221]
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SEtota(dB) = 20d

1

SE,(dB) = 20d (“r;"")E logys(e) (4.3.5)
SER(dB) = 1010910($) (4.3.6)

where p, is real permeability of samples, o is electrical conductivity of samples, d
is thickness of samples, w is angular frequency, e is the Euler’s number (2.718), and
gp 1s dielectric constant of vacuum. According to the eq. (4.3.4) to (4.3.6), high
electrical conductivity and high thickness of samples are beneficial for the EMI SE
[222-224].

4.3.6.1 The influence of rGO contents

Fig. 4.3.9 illustrates the EMI SE of cellulose/rGO/Fe;O4 composite films and
aerogels with different loading of rGO. All film thicknesses are constant and about 0.04
mm, and all aerogel thicknesses are constant and about 0.5 mm. As shown in Fig. 4.3.9
(a) and (b), all composite aerogels and films exhibited frequency dependencies EMI SE
performance [225]. The SEq, of cellulose/Fe;O4 films, in the 8.2 -12.4 GHz frequency
range, is 7.3-8.8 dB, for the corresponding aerogel it is 21.2-23.1 dB. The EMI
shielding efficiency of both films and aerogels improve with rGO loading. For
examples, the SE;y, improves from 21.2-23.1 dB for the rGO free cellulose/Fe;O4
aerogels to 25.3-29.7 dB and even 32.4-40.1dB for cellulose/rGO (5 wt.%)/Fe;O4 and
cellulose/rGO (8 wt.%)/Fe;O4 aerogels, respectively. This increase of SE, driven by
the introduction of rGO can be explained with the following mechanism: Firstly, the
addition of rGO in the cellulose improves its electrical conductivity. As shown in Fig.
4.3.5, the electrical conductivity enhances with rGO loading from 8.9x10" S/cm in the
cellulose/Fe;04 aerogel to 6.9x10° S/cm and 1.2x10” S/cm in the cellulose/Fe;Oq
aerogels with 5 or 8 wt.% rGO loading, respectively. This increase of electrical

conductivity by increase of rGO loading weakens entered waves by the formation of a
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conducting filler network [226-228], visible as an increase of the imaginary part of the
permittivity (Fig. 4.3.6 (e) and (f)). Secondly, a larger number of micro capacitors may
have been formed by rGO not participating in the conductive network or the changed
dispersion of the Fe;Oj4 particles in presence of rGO enhances their absorbing efficiency,

both increasing the real part of the permittivity (Fig. 4.3.6 (c¢) and (d)).

In all cases, the SE values of the aerogels are about twice as high as that of the
corresponding films. The large surface area of the inner cell walls of the porous
aerogels causes multiple-reflection at the inner surfaces of the aerogels and provide
thus the high-efficient EMI shielding performance. The SEy, of cellulose/rGO (8
wt.%)/Fe;04 aerogel is 32.4-40.1dB which by far exceeds the requirements for the
practical use of electromagnetic shielding materials, specified in the literature to be 20
dB [208]. This shows that our aerogel is very suitable for the practical application.
Compared to other similar systems reported in literature, the SEy. value of
cellulose/rGO (8 wt.%)/Fe;O4 aerogel is obviously higher than those (13-19 dB) of
graphene/polymethylmethacrylate (PMMA) composite aerogels reported by Zhang et
al. [229] and those (18.7-22.5 dB) of CNTs/cellulose composite foams reported by

Huang et al. [230].

SEiotal, SER, and SE, value of cellulose/rGO/Fe;O4 composite films and aerogels
at 10.2 GHz are summarized in Fig. 4.3.9 (c) and (d). All composite films and aerogels
showed that the value of SE, is much higher than SEg, indicating that the absorption of
microwaves is the dominant EMI shielding mechanism. For example, SE5 and SEr
value of cellulose/rGO (8 wt.%)/Fe;O4 aerogel are 34.8 dB and 3.8 dB, respectively.
All results display that the value of SE, is higher than SEr, demonstrating that the
absorption of microwaves plays the major role in the EMI shielding mechanism of

these cellulose composite films and aerogels.
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Fig. 4.3.9 EMI SE of cellulose/Fe;O4 and cellulose/rGO/Fe;O4 (a) films (about 0.04 mm
thickness) and (b) aerogels (about 0.5 mm thickness). SEy., SEr, and SE, at 10.2 GHz of
cellulose/Fe;O4 and cellulose/rGO/Fe;04 (c) films (about 0.04 mm thickness) and (d) aerogels

(about 0.5 mm thickness) with various rGO concentrations.

4.3.6.2 The effect of sample thickness

The influence of thickness on the SEy. values of cellulose/rGO/Fe;04 films is
displayed in Fig. 4.3.10 (a). As demonstrated in eq. (4.3.4), the value of SE, depends
not only on the content of fillers, but also on the thickness of samples. Different
thicknesses were realized by stacking of up to 4 specimens. With increasing of film
thickness, SEq,) values of cellulose/rGO/Fe;O4 composite films significantly increased.
For example, SEy. value of cellulose/rGO (5 wt.%)/Fe;O4 film increased from
10.2-13.1 dB to 12.6-16.4 dB, 16.2-19.7 dB, and 17.4-22.4 dB, respectively. The
influence of thickness on the SE, values of cellulose/rGO/Fe;04 aerogels is shown in
Fig. 4.3.10 (b). Also the SEy, value of cellulose/rGO (5 wt.%)/Fe;O4 aerogel
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improved from 24.8-29.1 dB to 31.6-34.4 dB, 40.2-43.7 dB, and 49.4-52.4 dB,
respectively. With increasing film and aerogel thickness, the interior surface area
increases, leading to the attenuation of the entered microwaves. The increasing amount
of Fe;O4 nanoparticles and rGO plates with increased film thickness gives more
opportunities for interference of the incoming electromagnetic waves with the filler
particles, and also waves penetrating deeper in the material can be attenuated. The
multiple-reflection effect at the inner surfaces of the cell walls contributes to the

high-efficient EMI shielding performance of the aerogels.

SEiotal, SEr, and SE, values of cellulose/rGO (5 wt.%)/Fe;04 films and aerogels
with different sample thicknesses at 10.2 GHz are summarized in Fig. 4.3.10 (c) and (d).
As shown in Fig. 4.3.10 (c), the SE4 value of cellulose/rGO (5 wt.%)/Fe;O4 films
improved from 12.6 dB to 14.1dB, 17.3 dB, and 21.2 dB, respectively, while SEg value
of cellulose/rGO (5 wt.%)/Fe;04 films remained nearly constant at around 0.6 dB.
Based on eq. (4.3.5) and (4.3.6), the thickness of the sample affects the SE, whereas
SEr is hardly affected by the thickness. Fig. 4.3.10 (d) shows the relationship between
the sample thickness and the SE4 values for cellulose/rGO (5 wt.%)/Fe;O4 composite
aerogels. With increasing sample thickness, SE, of cellulose/rGO (5 wt.%)/Fe;O4
composite aerogels increase from 25.2 dB to 30.1 dB, 38.7 dB and, 41.8 dB, while SEx
is around 2.6 dB with a just slight tendency to increase with sample thickness. In films
as well as in aerogels the dependency of SE, is not linear. Possibly most of the waves
penetrating into the material attenuate already near the surface and the added thickness

contributes less to the shielding.
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Fig. 4.3.10 Thicknesses dependence of the EMI SE of (a) cellulose/rGO (5 wt.%)/Fe;04 films
and (b) cellulose/rGO (5 wt.%)/Fe;0,4 acrogels in the 8.2-12.4 GHz frequency range. SE a1,
SEg, and SE, with various thicknesses for (¢) cellulose/rGO (5 wt.%)/Fe;O4 films and (d)

cellulose/rGO (5 wt.%)/Fe;O4 acrogels at 10.2 GHz.

4.3.7 The possible EMI shielding mechanism

The EMI shielding mechanism of our cellulose/rGO/Fe;O4 aerogels is
schematically illustrated in Fig. 4.3.11. The electromagnetic microwave behaviour
across the cellulose/rGO/Fe;04 aerogel is sketched in Fig. 4.3.11 (a). On the one hand,
the porous structure of cellulose/rGO/Fe;O4 aerogel (Fig. 4.3.11 (c)) exhibit large
interfacial area between the cell walls and the pores in the aerogel. The electromagnetic
waves entering the aerogel will reflect and scatter repeatedly at the surfaces of the cell

walls, and thus they are trapped in the cellulose/rGO/Fe;O4 aerogel where they will
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attenuate (Fig. 4.3.11 (b)). Additionally, as depicted in Fig. 4.3.11 (e), the entered
microwaves will scatter and reflect several times at parallel oriented rGO sheets with
large aspect ratio, which further contributes to the wave attenuation. On the other hand,
impedance matching is another important wave absorbing mechanism. The
introduction of Fe;O4 nanoparticles (Fig. 4.3.11 (d)) lowers the electrical conductivity
of the aerogel, and improves the values of the electromagnetic parameters, which helps
to improve the level of impedance matching and thus the wave absorption in the
cellulose/rGO/Fe;04 aerogel. Concludingly, the multireflection of microwaves and
impedance matching bring about the high-efficiency EMI shielding performance of
aerogels caused by their porous structure and the presence of rGO sheets and Fe;O4
nanoparticles. The absorption plays the major role in the EMI shielding mechanism for
cellulose/rGO/Fe;04 aerogels and in films. In summary, these cellulose/rGO/Fe;04

aerogels are ideal candidates for efficient and lightweight EMI shielding applications.
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Fig. 4.3.11 (a) and (b) Schematic image of the EMI shielding mechanism of a

cellulose/rGO/Fe;0,4 aerogel; (c) SEM image of cellulose/rGO (5 wt.%)/Fe;0, aerogel; (d)
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TEM image of cellulose/rGO (5 wt.%)/Fe;0, aerogel with sketched microwave absorption
mechanism at Fe;O4 nanoparticles; (¢) multiple reflection and absorption mechanism at two

parallel rGO/Fe;0, sheets.

4.3.7 Summary

Cellulose/rGO/Fe;04 films and aerogels were successfully fabricated by the
in-situ preparation of Fe;O4 nanoparticles in a cellulose solution containing rGO, which
is a simple, efficient and environmentally friendly method. Films were obtained by
drying while freeze-drying resulted in the formation of aerogels. Aerogels are much
more effective for EMI shielding application than the same weight of the corresponding
film due to the high amount of inner interface between the pores and the cell walls,
which cause multiple electromagnetic wave scattering and reflection. Cellulose/rGO (8
wt.%)/Fe;O4 aerogels with the thickness of 0.5 mm exhibit high EMI shielding
performance with an EMI SE of 32.4-40.1 dB in the 8.2-12.4 GHz frequency range.
High loadings with rGO and large thicknesses of the composites are beneficial for the

EMI shielding performance of films and aerogels.

The absorption plays the major role in the EMI shielding mechanism for both
cellulose/rGO/Fe;04 films and aerogels. In the aerogels, the combined effect of
multireflection of microwaves at the pore surfaces and the impedance matching due to
the presence of Fe;O4 nanoparticles in the Cellulose/rGO composite brings about their
high-efficient EMI shielding performance. The lightweight aerogels are suitable for the
practical EMI shielding applications e.g. in spacecraft, aircraft, energy conversion

application, and energy storage.
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5. Summary

This thesis focused on the synthesis and characterization of novel functional
materials based on cellulose and graphene derivatives. Cellulose/GO hydrogels were
produced as the starting material by dissolving cellulose and dispersing GO in
NaOH/urea solution. This method 1is considered as an efficient, simple,
environmentally friendly, and low-cost method. Novel functionalities, such as sensing,

catalytic and EMI shielding properties have been “built-in” to cellulose/GO hydrogels.

The thesis is summarized from three chapter. In first chapter, cellulose/rGO
composite films and aerogels were successfully fabricated by dissolving cellulose and
dispersing GO in NaOH/urea solution, followed by the chemical reduction with
vitamin C as the reducing agent. The cellulose/rGO films and aerogels with various
rGO contents were prepared by air-drying and freeze-drying of the prepared
cellulose/rGO composite hydrogels. The resultant cellulose/rGO composites prepared
by this efficient and simple method show high resistance sensitivity to environmental
stimuli like temperature, humidity, liquids, vapours, and strain stress. Thus, the
cellulose/rGO films can be applied in detecting human motions and human breath
cycles. Liquid temperature, liquid type, and ion concentration also be determined by
our cellulose/rGO films. Moreover, the composite aerogels are fast responding and
extremely sensitive sensors for vapour detection and testing with good repeatability. It
was also revealed that discriminating and quantitative responses can be obtained when
analyzing various vapours and different vapour concentrations. For methanol vapour,
the aerogel shows linear response to the vapour concentration. Thus cellulose/rGO
composite aerogel can be used to quantify methanol vapour concentrations. The
efficient, scalable, and environmentally friendly preparation of novel and
high-performance of vapour sensing materials with well reproducibility is promising to

achieve practical vapour sensing applications.
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In second chapter, the thesis has successfully presented an effective, facial,
simple, and scalable method to form Fe;O4 nanoparticles onto cellulose/GO hydrogels.
XRD, FTIR, XPS and TEM indicated that Fe;O4 nanoparticles with good dispersion
and uniform size are successfully coated on cellulose matrix and GO sheets. This
material was tested as catalyst for the cleaning of dye-contaminated water by
oxidation with H,O,. The optimized experiment conditions for AO7 degradation are:
[AO7]=0.1 mM, T=298 K, [H,0,] =22 mM, and pH = 3. Under these conditions, the
resulting hydrogels display 97 % AO7 removal within 120 min and retained strong
degradation performance after twenty consecutive cycles of reuse. Especially, the
detailed XPS analysis of cellulose/GO/Fe;O4 and cellulose/FesOs composites
indicated that the cellulose/GO/Fe;O4 hydrogel retain its high degradation activity by
keeping the ratio of Fe’*/Fe*" at 2 during the 20 heterogeneous Fenton-like reaction
cycles. Therefore, the cellulose/GO/Fe;O4 hydrogel is recommended to test the

treatment of other dye-contaminated wastewaters.

In the third chapter, cellulose/rGO/Fe;O4 films and aerogels were successfully
fabricated by the in-situ grown of Fe;Os nanoparticles within a cellulose matrix
containing rGO sheets. Thus, materials useful for the EMI shielding applications were
obtained through a simple, efficient, and environmentally friendly method.
Cellulose/rGO (8 wt.%)/Fe;O4 aerogels with the thickness of 0.5 mm exhibited high
EMI shielding performance with the EMI SE value at 32.4-40.1 dB in the 8.2-12.4 GHz
frequency range (X-band). High loading of rGO and large thickness of the composites
are beneficial for the excellent EMI shielding performance of our aerogels. The
lightweight aerogel is suitable for the practical application as EMI shielding materials

such as spacecraft, aircraft, energy conversion application, and energy storage.
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6. Outlook

This research has exhibited the potential applications of functional and smart
materials based on cellulose and graphene derivatives as multifunctional sensors, for
wastewater treatment, and EMI shielding. However, some other works also should be

perfected in the future.

In the first chapter, the cellulose/rGO films used as strain sensors can distinguish
between different human hand motions by different shapes of the responsive curves
and maximum R, when the film was attached on the back of hand and finger.
Moreover, other human motions such as knee flexion, elbow flexion, and facial
movement are also worth to detect. The cellulose/rGO films as liquid sensors can
distinguish different NaCl contents in water by the maximum Ry. It is also interesting

to explore different salt types with same content in water.

In the second chapter, apart from AO7 dye, there are also many other dyes in
wastewaters which are difficult to degrade. The degradation mechanism for Fenton or
Fenton-like reactions is similar. Therefore, there is a window of opportunity to
explore the catalytic performance of cellulose/GO/Fe;O4 hydrogels for the
degradation of other dyes. Furthermore, the influence of Fe;O4 content on removal of
AO7 1is also worth to be studied. In this work, the content of Fe;O4; in
cellulose/GO/Fe;04 hydrogels is controlled at around 12 wt.%. Different contents of
Fe;0O4 can be obtained by changing the content of FeCl; and FeCl, and the immersion

time during the preparation process.

In the third chapter, the EMI shielding performance of cellulose/rGO and
cellulose/rGO/Fe;04 aerogels are compared. Furthermore, the influence of Fe;O4

content on the EMI shielding performance is worth to be investigated.

Finally, by introducing titanium dioxide or other functional materials into
cellulose/GO hydrogels, photo-catalytic activity of the composites may be reached,
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useful in effective photocatalytic degradation and physical adsorption materials. By
adding fluorescent compounds or other functional materials into cellulose/GO
hydrogels, fluorescent cellulose films or hydrogels can be fabricated for the
photo-functional application. In a word, cellulose/GO hydrogels as starting materials
have great potential for simple, effective, environmentally friendly, and low-cost

preparation of functional materials for various applications.
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