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Abstract

In this study, carbon papers and aerogels were prepared from chitosan and graphene layers with aldehydic edge functional
groups (G-CHO) able to form chemical bonds with chitosan and thus to form a crosslinked network. A high surface
area graphite was edge functionalized with hydroxyl groups (G-OH) through the reaction with KOH. G-CHO, with
4.5 mmol/g of functional group, was prepared from G-OH by means of the Reimer-Tieman reaction. Characterization
of the graphitic materials was performed with elemental analysis, titration, X-ray analysis, Raman spectroscopy and
by estimating their Hansen solubility parameters. CS and G-CHO were mixed with mortar and pestle and carbon
papers and aerogels were obtained from a stable acidic water suspension through casting and liophilization, respectively.
Free standing and foldable carbon papers and monolithic aerogels based on a continuous covalent network between
G-CHO and CS were prepared. G-CHO, which had about 22 stacked layers, was extensively exfoliated in the carbon
paper, as confirmed by the absence of the 002 reflection of the graphitic crystallites in the XRD pattern. Carbon paper
was found to be resistant to solvents and to be stable for pH=7. Composites revealed electrical conductivity. The
covalent network between the graphene layers and CS, suggested by the IR findings, accounts for these results. This
work demonstrates the effectiveness of a continuous covalent network between chitosan and graphene layers edge
functionalized with tailor made functional groups for the preparation of carbon papers and aerogels and paves the way
for the scale up of such a type of composites.
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Introduction presents several desirable properties such as non-toxicity,
biodegradability, antimicrobial effect, and biocompatibil-

Graphene (G)! has outstanding thermal,?> mechanical® and ity. Moreover, CS is used for its adsorption ability.>'5s

electronic properties.> A great amount of research is on
graphene based nanocomposites,* in order to bring to the
macroscale the exceptional properties of graphene.
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CS/G composites are used, in the biotechnological field, as
nanocarrier for drug and gene delivery,'® for the growth and
follow-up of primary cortical neuron cells,'” for the detec-
tion of human epidermal growth factor receptor.'® They are
also used for preparing membranes with a lamellar struc-
ture for methanol dehydration,"” for the adsorption of sub-
stances such as tetracycline,”’ dyes,”! organic liquids,*
lead? and water contaminants,? for the catalytic reduction
of oxygen in an iron and cobalt based system,? and for the
preparation of high performance supercapacitors.?®

Among the CS/G nanocomposites, CS/G based hydro-
gels,?! aerogels,?>?*?7:28 and carbon papers?”-?® are the sub-
ject of increasing research activities. Aerogels® are indeed
a unique class of materials with incredible lightness: typi-
cal average density is about 0.020 g/cm?. They have hierar-
chical porosities at the nanoscale and different shapes at
the macroscale, such as: microspheres, powders, thin-film
composites, monoliths. Carbon aerogels are attractive for a
large variety of applications.>*3? There is a great interest
for carbon papers, thanks to their mechanical properties®
and to their ability to give rise to electrodes®® and to
stretchable supercapacitors,*> to be used for biomimetics,
electrocatalytic sensing and energy storage,*® for structural
composites®’” and chemical filters and membranes.?’

A key aspect for all the CS/G composites is the disper-
sion of the graphene layers and their interaction with the
biopolymer. To achieve ultimate dispersion and interac-
tion, in most cases a graphitic material is oxidized to gra-
phene oxide (GO).*® Chemical bonds can be established
between CS and GO. Indeed, chitosan is presented as a
tool to functionalize?* and to crosslink the GO layers®® and
to establish covalent bonds with chemically converted gra-
phene.** To have CS/G nanocomposites, GO is
reduced'®!*? to chemically reduced graphene oxide.*' For
the oxidation-reduction cycle, dangerous and toxic chemi-
cals and harsh reaction conditions are required and the
transition metal (e.g. manganese from potassium perman-
ganate) is hardly removed from the layers. Moreover, the
bulk graphene structure is not completely restored: defec-
tive graphene layers are in the final composite.

It would be highly desirable to prepare graphene based
acrogels and carbon papers with ultimate dispersion and inte-
gration of graphene layers with unperturbed structure, with-
out performing the oxidation (to GO) — reduction cycle and
without a troublesome modification of the graphene layers.

This was the aim of the research performed, in our group,
over the last years. To this purpose, a simple and sustainable
functionalization process was developed: Janus pyrrole
compounds** (PyC) were mixed and heated with the gra-
phitic material. It was shown* that a domino reaction
occurred, which led to the edge functionalization of the lay-
ers, whose bulk structure was substantially unaltered.*>*
Indeed, to have unperturbed graphene layers, the selective
edge functionalization is a preferred approach.*® Carbon
papers and aerogels were prepared”® with graphene layers

edge functionalized with 2-(2,5-dimethyl-1H-pyrrol-1-yl)
propane-1,3-diol (SP), a PyC from serinol as the primary
amine. The reported outcome®® was the complete exfoliation
of the graphitic aggregates, thanks to the synergy between
the cation-pi interaction of the cationic chitosan (from acidic
solution) with the aromatic carbon substrate and the water
compatibility of the graphene layers. Improvement of results
was obtained with respect to the interaction of cationic chi-
tosan with graphene layers without any functional group.?’
However, the edge located OH functional groups could not
give rise to any chemical bond with CS. This is an issue for
the composite material, in particular for the mechanical
properties and the solvent resistance.

Hence, in the above commented prior art, there is not a
report or a teaching on the preparation of a covalent net-
work based on CS and graphene layers, with functionaliza-
tion located only on the edges and unperturbed bulk
structure. This work pursued the preparation of such an
innovative network, through a simple and sustainable pro-
cedure: graphene layers with edge aldehydic functional
groups able to chemically react with the amino groups of
chitosan were used. As a first step, reaction was carried out
between the layers and KOH/H,O, introducing edge OH
groups.?’ Functionalization with CHO groups was then
obtained by performing the Reimer Tiemann reaction on
the polyhydroxylated graphitic substrate. HSAG reaction
with KOH was carried out at 0°C, with successive addi-
tions of CHCL,: G-CHO was obtained.*’

Characterization of G-OH and G-CHO was carried out
by means of Boehm titration, thermogravimetric analysis
(TGA), Fourier-transformed infrared (FT-IR), and Raman
spectroscopies. The Hansen solubility parameters (HSP)*®
and the Hansen sphere were estimated for G-OH and
G-CHO, performing dispersion tests in solvents covering
quite a broad range of solubility parameters.

CS/G-CHO composite materials were then prepared, with
the aim of exploiting the reaction between aldehydic and
amino groups. CS/G-CHO acrogel and paper were prepared
by lyophilization and casting water suspensions, respectively.
The research activity is summarized in Figure 1.

FT-IR and Raman spectroscopies and wide angle X-ray
diffraction (WAXD) were used to characterize the CS/
HSAG-CHO adducts. The thermal stability of the compos-
ites was checked by means of TGA, the solvent stability by
using three classes of solvents and the direct electrical con-
ductivity with the four-point probe method.

Methods

Reagents and solvents were commercially available and
were used without further purification: KOH pellets
(Carlo Erba Reagenti). Chitosan (high purity, Mw
110,000-150,000; degree of acetylation: <40mol. %),
acetic acid, methanol, glycol, 2-propanol, acetone, ethyl
acetate, chloroform, xylene, toluene, hexane and
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Figure |. Summary of the research activity performed in this
work.

dimethylformamide (DMF) (Aldrich). High surface area
graphite (HSAG) was Synthetic Graphite 8427® (Asbury
Graphite Mills Inc.), Characterization of HSAG has been
reported by some of the authors in previous works,#347:49:30
Analyzes have been performed on the samples used for
the present work. Some of them are presented as
Supplementary material, some others are discussed in the
following.

The IR spectra were recorded in transmission mode
(128 scan and 4 cm ™! resolution) using a ThermoElectron
Continuum IR microscope coupled with a FTIR Nicolet
Nexus spectrometer. For solid samples a small portion of
the material was placed in a diamond anvil cell (DAC) and
analyzed in transmission mode.

Raman spectra of powders and composites deposited on a
glass slide were recorded with a Horiba Jobin Yvon Labram
HRS800 dispersive Raman spectrometer equipped with
Olympus BX41 microscope and a 50X objective. The spec-
tra were obtained as the average of four acquisitions (30 for
each acquisition) with a spectral resolution of 2cm™!. The
Raman spectra reported in this work are the average of spec-
tra recorded in five different points of the samples.

Wide angle X-ray diffraction (WAXD) patterns were
obtained in reflection, with an automatic Bruker DS
Advance diffractometer, with nickel filtered Cu—Ka radia-
tion. Patterns were recorded in 0°-90° as the 26 range,
being 20 the peak diffraction angle. The D,,, correlation
length, in the direction perpendicular to the hkl crystal gra-
phitic planes, and the distance between crystallographic
planes have been calculated as reported by some of the
authors in previous works.*”#

Synthesis

Preparation of G-CHO by means of Reimer-
Tiemann reaction performed on G-OH

Preparation and characterization of G-OH have been
reported by some of the authors in previous works.*”

Characterization has been performed of the G-OH sample
used for the present work and results are attached as sup-
porting information.

Preparation and characterization of G-CHO have been
reported by some of the authors in a previous work.*’
Characterization has been performed of the G-CHO sam-
ple used for the present work and results are discussed in
the main text and attached as supporting information.

Preparation of G-CHO/chitosan
nanocomposites

G-CHO/CS water suspensions. Chitosan (0.4 g) and G-CHO
(0.4 g) were mixed for 5min in a mortar with the help of a
pestle. 8mL of distilled water and four drops of an aqueous
solution of acetic acid 99.7% (0.010g, 9.9 103 mol) were
added. The so obtained suspension was sonicated for
15 min.

Chitosan carbon paper (G-CHO/CS paper). The water sus-
pension obtained as reported in the previous paragraph
was first sonicated for other 15 min and after poured on
a glass plate in which an adhesive tape was used to
delimit the area. Sheets were formed after water evapo-
ration, at room temperature and atmospheric pressure
(24h).

Chitosan carbon aerogel (G-CHO/CS aerogel). The water sus-
pension obtained as reported in the above paragraph was
cooled to —30°C, then lyophilized (EDWARDS MODU-
LYO EF4-1596) under the following experimental condi-
tions: 7=-50°C, P=5mbar, lyophilization time r=24h.
G-CHO/CS aerogels with mass ratios equal to 1:1, 2:1 and
1:2 were obtained.

Characterization

Boehm titration of G-OH and G-CHO. Boehm titration was
performed to quantitatively determine the content of oxy-
genated surface groups which were added after the func-
tionalization procedures. The experimental procedure has
been reported as the Supplementary material (S1).

Solubility parameters of G-CHO

Preparation of G-CHO dispersions in different solvents. Dis-
persions of G-CHO adducts were prepared at different
concentrations: 1 mg/mL; 0.5mg/mL; 0.3 mg/mL; 0.1 mg/
mL. Each dispersion was sonicated for 30 min using an
ultrasonic bath (260 W). The dispersion (10mL) of each
sample was put in a Falcon™ 15mL Conical Centrifuge
Tubes and centrifuged at 6000 rpm for 30 min. Evaluation
of the dispersions’ stability was qualitatively performed
by putting a light at the back of the glass tubes, visually
inspecting the dispersion after 3 days at rest. In this way,
settling could be easily detected.
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Calculation of the Hansen Solubility Sphere and
Hansen Solubility Parameters

The calculation of the Hansen Solubility Parameters (HSP)
for G-OH and G-CHO samples was performed applying
the Hansen Solubility Sphere representation of miscibility.
The detailed procedure for the determination of the Hansen
solubility parameters have been reported as Supplementary
material (S2).5!

Characterization of G-CHO/chitosan nanocomposites. UV-
Vis spectroscopy — G-CHO and G-CHO/CS suspensions
(3mL) were placed, by using a Pasteur pipette, in quartz
cuvettes of 1 cm optical path (volume 1 or 3mL) and ana-
lyzed by a spectrophotometer Hewlett Packard 8452A
Diode Array Spectrophotometer. Pure water was used as
blank for UV-Vis analysis. In the UV-visible spectrum, the
absorption intensity was reported as a function of the
wavelength of the radiation between 200 and 850 nm.

Conductivity measurements (four-point probe method)
— Direct current (DC) electrical conductivity (s) was meas-
ured by the four point probe (FPP) method® by using a
hand applied FPP device (Jandel Engineering Ltd., UK)
with a probe head with lineararrayed tungsten carbide nee-
dles (tip radii 300mm, needles spacing 635mm, loads
60¢g) coupled with a Keithley 2601 electrometer. Data
were acquired and analyzed by CSM/Win Semiconductor
Analysis Program software (MDC, US).

Solvent resistance — Test was performed placing
G-CHO/CS bio-nanocomposites (1cm?, 50nm thickness
for the paper sample) in vials containing 2mL of water,
hexane and dimethyl formamide (DMF) respectively.
Vials were left for 2 months to test the solvent stability.

Resistance in water at different pH. Test was performed
placing G-CHO/CS bio-nanocomposites (1cm?, 50nm
thickness for the paper sample) in vials containing 2 mL of
water solutions at different pH. Vials were left for 2 months.
Acids and bases used to tune pH were: HCI (38%),
CH,COOH (99.85%), NaHCO,, KOH.

Results

Preparation and characterization of graphene
layers with oxygenated functional groups

The first step of the research was the preparation of gra-
phene layers edge functionalized with —OH and —CHO
groups. The latter functional group was the main objective
of the activity, as it is suitable to react with the amino
groups of chitosan. Preparation was performed by adopt-
ing the synthetic pathway already reported,*’ which is
summarized in Figure SI-1.

Only main results are commented as follows, experi-
mental findings are presented as supplementary material
and some details are in the experimental part.

Pristine HSAG, washed with acetone, was character-
ized, in order to assess the substantial absence of oxygen-
ated functional groups. Carbon content, determined via
elemental analysis, was found to be 99.5%. TGA thermo-
graph, FT-IR and Raman spectra are in Figures SI-2(a),
SI-3(a), and SI-4(a) respectively. TGA analysis revealed
no mass loss below 150°C and was about 2.3% up to
700°C. FT-IR spectrum did not show the presence of oxy-
genated functional groups and Raman spectrum revealed
the relevant presence of the D band, as expected for a
nanosized graphite from ball milling with pretty short lat-
eral size.

Preparation and characterization of G-OH. To prepare
G-OH, HSAG was reacted with KOH, with the help of
thermal energy (details are in Sayyar et al.*°). In brief, the
carbon allotrope and KOH powder were mixed (mass
ratio=>5/1) and kept at 100°C for 3h. G-OH was isolated
after careful washing, until neutral pH was achieved.
G-OH sample was characterized by means of Boehm titra-
tion, a method able to detect the amount of acidic groups,
TGA, FT-IR and Raman spectroscopies (details are in SI-4
and in Figures SI-2(b), SI-3(b) and SI-4(b)). Results of the
characterizations are summarized as follows. From Boehm
titration, the amount of functional groups was estimated to
be 5.0mmol/g (see Table SI-2). A mass loss larger than
12% was revealed by TGA between 150°C and 700°C and
FT-IR spectrum showed the typical features of OH groups
bonded to the graphene sheets. Raman spectra were very
similar for HSAG and G-OH, with the enhancement, with
respect to the HSAG spectrum, of D and D’ peaks, as the
only difference.

Preparation and characterization of G-CHO. The preparation
of G-CHO was designed through the Reimer-Tiemann
reaction of G-OH with CHCL,.*’ In brief, G-OH, KOH
powder and H,0O were mixed at 0°C and CHCI, was added
in three different steps, in small amounts. G-CHO, which
contains OH and CHO groups, was obtained (see Figure
SI-1). The characterization of G-CHO was carried out by
means of Boehm titration, IR and Raman spectroscopies.
The value obtained from the titration was of 4.5 mmol/g
(Table SI-2). Such a value is very similar to the one
(5.0mmol/g) found in the case of G-OH and indicates that
the reaction of G-OH with CHCI, does not lead to an
appreciable modification of OH concentration, as it should
be on the basis of the mechanism of the Reimer-Tiemann
reaction: an equimolar amount of CHO and OH groups are
expected on the graphene layers, as shown in Figure SI-1.
FT-IR spectrum of G-CHO sample is reported in Figure
SI-5, with a zoom in the 1800-700cm™' region in Figure
SI-6. Details about the interpretation of the spectral fea-
tures are in the literature.>® It is worth reporting here the
following aspects, which are unique in G-CHO spectrum.
At 1590 cm ™! the enhancement of the signal assigned to the
E,, IR active mode of the collective C=C stretching
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vibration of graphitic materials, because of the chemical
functionalization of the graphitic layers with OH and CHO
groups. The presence of the strong band at 1220cm ™! and
of the broad and structured band at 1715 cm™! which can be
assigned to —C=0 stretching vibration of aldehydic func-
tionalities. Other bands at 1438cm™, 1390cm ™!, 1290 cm ™!,
1158cm™!, and 1100cm™' have a good correspondence
with the absorptions of benzaldehyde and salicylaldehyde
molecules. XRD analysis and Raman spectroscopy
revealed that the Reimer-Tiemann reaction did not sub-
stantially alter the bulk structure of the graphitic material.
The XRD pattern of G-CHO is shown in Figure 4(C)c and
it will be discussed below in the text. In the Raman spec-
trum, new Raman components between G and D peaks,
due to disordered sp* carbon structures, are not apprecia-
ble. The enhancement, with respect to the HSAG and
G-OH spectra, of D and D’ peaks can be observed, in line
with the introduction of a further functional group.

Solubility parameters of HSAG, G-OH and G-CHO. The
Hansen solubility parameters &, (dispersion), 6, (polar),
d,, (hydrogen bonding), and the total solubility parameter
&, were estimated for pristine HSAG, G-OH, and G-CHO.
In brief, the graphitic material was suspended in solvents
having different solubility parameters and the stability of
the suspensions was inspected, as described in the experi-
mental part. The Hansen solubility parameters of the sol-
vents are in Table SI-3. The results of the inspection of
dispersions’ stability are qualitatively summarized in Table
SI-4: good or bad mean, respectively that a homogenous
dispersion was observed or that the adduct settled down.
The functionalization of HSAG, with OH and with both
OH and CHO, as the functional groups, led to the stability
of the dispersions of the graphitic materials in a good num-
ber of solvents. Moving from these observations, the solu-
bility parameters were estimated, by adopting the method
described in the literature.*3>1535% Solubility spheres,
which enclose the good solvents and exclude the bad ones,
were generated.

Values of the solubility parameters and of the radius of
the Hansen sphere for G-OH and G-CHO are in Table 1.

The spheres for G-OH and G-CHO are shown in Figure
2(a) and (b), respectively.

Stable dispersion of HSAG was obtained only in CHCI,
and it was not possible to elaborate the Hansen sphere. The
introduction of OH and CHO groups dramatically modi-
fied the solubility parameter of the graphene layers, which
became dispersible in a good variety of solvents. The value
of 8, was found to be higher for G-OH. This finding could
suggest an interaction between OH and CHO groups which
could lead to a lower availability of the polar groups and
hence to a less polar layers.

Both G-OH and G-CHO gave rise to stable water dis-
persions. UV-vis absorption analyzes on G-OH water dis-
persions have been already reported*’ and those on G-CHO
are presented in this work as Supporting Information: the
block diagram of the experimental procedure, the picture
of water dispersions at different concentration, the UV-VIS
spectra, with the relationship between the absorbance at
320nm and the concentration of G-CHO in water, are
shown in Figures SI-8 to SI-10 respectively. A linear cor-
relation was found between G-CHO concentration (from
0.005 to 1 mg/mL) and the absorbance, taken immediately
after the preparation of the dispersions. All the dispersions
were observed to be stable at rest at least for 3 days and the
UV absorption of the dispersion with 1 mg/mL as the
concentration was the same even after centrifugation
(3000 rpm, 30 min) (Figure SI-11).

Table I. Hansen’s solubility parameters and sphere radius for
G-OH and G-CHO samples.

Sample dp S Sy Radius &
G-OH 15.7 14.8 16.1 16.3 26.9
G-CHO 1.2 13.5 13.4 13.6 22

Measure unit: MPa'’2,

822 (3p2 + 8,2+ 5,2).

(a) (b)

TTsoubiny sphare
® good soivent
v_bad solvent

ne glycol

Figure 2. Hansen solubility sphere calculated for: (a) G-OH and (b) G-CHO. Hansen parameters (MPa'?): for G-OH: 5, 15.7,
5, 14.8 3, 16.1; for G-CHO: 5, 11.2, 5, 13.5 5, 13.4. The green circles correspond to the good solvents (within the radius of
interaction), the red triangles to the bad solvents (outside the sphere).
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Figure 3. G-CHOI/CS I:I free standing carbon paper () and
monolithic aerogel (b).

Preparation of G-CHO/chitosan
nanocomposites

Bionanocomposites were prepared, based on chitosan and
G-CHO. Aim of the research was thus to covalently cross-
link chitosan with the graphene layers, thanks to the reac-
tion between the amino groups of chitosan and the
aldehydic groups of G-CHO. The composites based on
CS/G-CHO adducts were prepared as summarized in
Figure SI-12 and described in the experimental part.

Preparation of CS/G-CHO water dispersions. First step was the
preparation of CS/G-CHO water dispersions. In brief, G-CHO
and CS were first premixed in a mortar with the help of a
pestle. Dispersions were then prepared by introducing the
CS/G-CHO mixture in a water solution of acetic acid. Differ-
ent CS/G-CHO mass ratios were used: 1:1, 2:1, and 1:2.

The stability of water dispersions was tested for all the
CS/G-CHO ratios prepared: they were observed to be sta-
ble for weeks. In Figure SI-13, are shown water disper-
sions of HSAG (Figure SI-13(a)), G-CHO (Figure
SI-13(b)), CS/G-CHO with 1:1 as mass ratio and 1 mg/mL
as CS/G-CHO concentration, after 1 month storage (Figure
SI-13(c)) and after 30min centrifugation at 6000 rpm
(Figure SI-13(d)).

Preparation of CS/G-CHO carbon papers and aerogels. Car-
bon papers and aerogels were prepared moving from
CS/G-CHO sonicated dispersions, having 2mg/mL as
CS/G-CHO concentration. For the preparation of carbon
papers, CS/G-CHO dispersion was poured on a glass plate
and water evaporation was allowed, whereas monolithic
aerogels were obtained by freezing and lyophilizing the
dispersion. In all cases flexible papers and monolithic
aerogels were obtained.

Free-standing CS/G-CHO 1:1 paper, with a thickness of
36 um, and monolithic aerogel are shown in Figure 3.

As it can be seen in Figure 3, the CS/G-CHO paper
(1:1) was flexible and perfectly foldable, reaching a curva-
ture radius close to 180° (see Figure SI-14) without the
appearance of cracks.

Analytical characterization of CS/G-CHO carbon papers and
aerogels. FT-IR spectra of chitosan, CS/G-CHO paper and
aerogel (1:1) and G-CHO are reported in Figure 4, in the
full 4000-700 cm ™! region in Figure 4(A) and with a zoom
in the region 1800700 cm ! in Figure 4(B).

The spectrum of pure chitosan (Figure 4(A)d and (B)d)
shows signals characteristic of chitin and deacetylated chi-
tin units. Peaks located at 3477cm™!, 3444cm™, 3268 cm ™!,
and 3107 cm !, are assigned to the stretching vibrations of
—OH, —NH-R, and —NH, groups of chitosan, respectively.
Bands at 1659 cm ™! and 1625 cm™! has been assigned to the
—C=0 stretching vibrations (amide I) of the amide group
—C=ONHCH, typical for crystalline o-chitin.® The sharp
peak at 1378 cm™! is assigned to the symmetric bending of
methyl groups (“umbrella” motion of chitin groups).

In the spectra of the CS/G-CHO paper (Figure 4(A)b
and (B)b) and aerogel (Figure 4(A)c and (B)c) the G
peak at 1590cm™! (the reflection due to C=C conjugation
in graphitic materials) and the main absorptions of CS can
be observed. However, all the absorption bands are
broader: there is a peak shift and band overlapping. This
observation supports the occurrence of structural disorder
for the CS moiety in the carbon paper. The band at
1715cm™! (assigned to —C=O stretching vibration) is
reduced in intensity and a new medium-weak feature at
1656cm™! appears. In this region features due to amidic
functionalities of CS are expected. These findings, already
reported in the preliminary investigation on the adducts
made by CS and G-CHO,*” appear as the indication of the
formation of the amidic group from the reaction of
the amino groups of chitosan and the CHO substituent on
the graphene layers.

Organization at the solid state of CS/G-CHO compos-
ites was investigated by means of WAXD analysis. Figure
4(C) shows WAXD patterns of pristine HSAG (Figure
4(C)a), G-CHO (Figure 4(C)b), chitosan powder (Figure
4(C)c), chitosan treated with acetic acid (Figure 4(C)d),
CS/G-CHO 1:1 aerogel (Figure 4(C)e) and paper (Figure
4(C)b).

The peaks at 26.6° as 26 value in Figure 4(C)a and in
(C)b are due to the (002) reflection of HSAG and G-CHO,
respectively. The correlation length of the crystallites was
calculated by applying the Scherrer equation (see experi-
mental section and the supplementary material) and the
number of stacked layers was estimated to be about 35 and
22 for HSAG and G-CHO, respectively. 100 and 110
reflections indicate the in plane crystalline organization.
The correlation length for the 110 crystallites was esti-
mated to be in a range from 26.5nm to 28 nm. These find-
ings suggest that the in plane order is not substantially
altered passing from HSAG to G-CHO. The crystallinity
of chitosan is demonstrated by two reflections at 10.2° and
19.9° as 20 angles in Figure 4(C)f.

The patterns in Figure 4(C)c and (C)d suggest that in
both aerogel and paper there was a substantial modifica-
tion of the solid state organization of both chitosan and
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Figure 4. FT-IR spectra of G-CHO (a), CS/G-CHO I:I paper (b), CS/G-CHO I:1 aerogel (c), and chitosan (d): in the full region
4000-700cm™" (A) and zoom in the region 1800-700cm™" (B); (C)WAXD patterns of pristine HSAG (a), G-CHO (b), CS/G-CHO
I:1 aerogel (c), CS/G-CHO I:1 paper (d), CS film in acetic acid (e), and chitosan powder (f).

G-CHO. In the WAXD pattern of the CS/G-CHO aerogel
(Figure 4(C)c) the (002) reflection of G-CHO is visible.
Reduction of correlation length of (002) crystallites was
found and the number of stacked layers was estimated to
be about 10, but the complete exfoliation of the graphitic
aggregates did not occur. Instead, in the WAXD pattern of
the paper based on CS/G-CHO (Figure 4(C)d), the (002)
reflection is absent and signals of chitosan crystals are not
detectable. In order to understand the changes of crystal-
linity observed for chitosan in CS/G-CHO aerogel and
paper, CS was treated with acetic acid, in the absence of
G-CHO, and the isolated film was analyzed by WAXD.
The pattern is shown in Figure 4(C)e and reveals broad
crystalline peaks at 20.5° and 11.8° as 20 value. Compared
with the chitosan powder peaks, they are less resolved and
also slightly displaced. It appears that the process of cast-
ing a chitosan film from an acetic acid solution allows
some crystallization upon drying, while the presence of
G-CHO inhibits the crystallization.

Resistance to solvents and in a range of pH. The resistance to
solvents of CS/G-CHO papers and aerogels, with 1:1, 2:1
and 1:2 as CS/G-CHO ratios, was investigated, by using

solvents such as DMF, H,O and n-hexane, in a wide range
of values as solubility parameters (8;: H,0=30.1,
DMF=24.8, hexane=14.9). Vials containing specimens of
the paper and acrogels kept for two days in the solvents are
shown in Figure SI-15. The mass of the samples, before
and after the storage, are in Tables SI-4 to SI-6.

Carbon papers were observed to be stable in all the sol-
vents, with a very small solvent absorption, at all the
CS/G-CHO ratios. Acrogels revealed a clearly detectable
absorption in DMEF, at all the CS/G-CHO ratios. In water
as the solvent, the nanocomposite swelled and loosed its
integrity. In hexane, stability of the nanocomposite was
observed at 1:1 and 2:1 as the G-CHO/CS ratios, whereas
solvent absorption was clearly detected at 1:2 as G-CHO/
CS ratio.

The pH resistance of CS/G-CHO paper and aerogel in
water at different pH was investigated, by using HCI,
CH,COOH, NaHCO, and KOH to modulate the pH.
Suspensions of the nanocomposites were visually inspected
(see Figure SI-16). Nanocomposites taken from the sus-
pensions were weighed. The mass of the CS/G-CHO nano-
composites, at 1:1, 2:1 and 1:2 ratios, before and after the
storage, are in Tables SI-7 to SI-9, respectively.
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Table 2. DC conductivity of CS/G-CHO papers with different
graphite content.

CS/G-CHO ratio® & (S/m)
Chitosan IE®

I:1 0.013
1:2 0.10

2:1 0.012

2Content respect to |00 mg of chitosan.

Both carbon papers and aerogels were stable, at all the
G-CHO/CS ratios, at pH = 7, whereas the samples loosed
their integrity at pH=1 and 4.

Electrical conductivity of CS/G-CHO papers was meas-
ured by the four-point probe method.? In Table 2 are
reported the measured values of room temperature DC con-
ductivity for composites with different CS/G-CHO ratios.

For carbon papers, a critical value of CS/G-CHO ratio
has to be overcome in order to obtain values of electrical
conductivity in line with those reported in the literature. At
G-CHO/CS ratio of at least 1:1 sufficient values of con-
ductivity for many electrical applications are reached.*

Discussion

G-OH and G-CHO as building block for
chitosan based nanocomposites

Graphene, with its very high surface area and outstanding
thermal and electrical conductivities, can really give rise to
high performance nanocomposites, such as carbon papers
and aerogels. However, to achieve that, mandatory is to
preserve the structure of the graphene layers and to obtain
their ultimate integration in the composite matrix. The
edge functionalization of graphene layers is a successful
road for achieving such objectives, particularly if the edges
can be decorated with tailor made functional groups, able
even to chemically react with the matrix. The preparation
of G-OH and G-CHO appears to be a successful example,
for preparing composites based on chitosan.

It has been already reported*>>® that the edge function-
alization of graphene layers with hydroxyl anions, to form
G-OH, occurs through a nucleophilic attack followed by
re-aromatization, which is the real driving force of the pro-
cess. This reaction leads to the introduction of a remarka-
ble amount of OH functional groups, as detected by means
of Boehm titration, which could be ascribed to the large
surface area of HSAG (330 m?%/g).

The controlled reaction (at 0°C with successive additions
of the reagent) of the polyhydroxylated layers with CHCI,
promotes the functionalization with aldehydic groups, in
ortho position with respect to the OH groups. The value of
4.5mmol/g (Table SI-2), obtained from the Boehm titration,
is consistent with the reaction mechanism: indeed, the

Reimer-Tiemann reaction leads to the formation of 1 CHO
mole and three KCI moles for each OH mole. As reported
above in the Discussion, the G-OH used was found to have
Smmol/g of OH groups (Table SI-2).

The bulk structure of the layers is substantially unaf-
fected by the functionalization process. This is indicated
by both XRD pattern and Raman spectrum. Both in the
case of G-OH and G-CHO, the in plane order revealed by
XRD peaks remains substantially unaffected and the
enhancement of D and D’ peaks in the Raman spectrum is
compatible with the introduction of functional groups.

The solubility parameter of the layers were dramati-
cally modified by the introduction of the edge functional
groups. The graphitic layers with OH and OH/CHO func-
tional groups are compatible with polar solvents and polar
matrices. It is interesting to observe that the value of &
decreased from G-OH to G-CHO, from 26.9 to 22 and also
the value of the radius, from 16.3 to 13.6. This finding
could be seen as unexpected: larger amount of polar func-
tional groups should lead to a larger &, value and, in par-
ticular, to a larger 3, value. An explanation could be based
on the interaction between vicinal OH and CHO groups,
through an intramolecular hydrogen bonding. Results from
IR investigation support this hypothesis: the well-defined
band at 1715 cm ™! observed in the spectrum of G-CHO and
assigned to —C=O0 stretching vibration of aldehydic func-
tionalities is typical of salycilic aldehyde like compounds,
which are characterized by the intramolecular bonds.

This paper strengthens the results already published*’
on G-OH and G-CHO, gives a demonstration of the robust-
ness of the functionalization technique, based on a com-
plete characterization of the functionalized graphitic
products and shows that the Reimer-Tiemann reaction on
polyhydroxylated graphene layers is a suitable tool for the
preparation of nanocomposites, based on graphene and
chitosan.

CS/G-CHO nanocomposites

The experimental procedure for the preparation of carbon
papers and aerogels appears to be simple, easily reproduc-
ible. The mechanical energy to promote the interaction
between CS and G-CHO (as indicated in the scheme in
Figure SI-12) was achieved by simply using mortar and
pestle. The stability of G-CHO water dispersion and the
use of cationic CS, easily soluble in water, can be consid-
ered to play a key role. Definitely, cationic CS favorably
interacts with aromatic substrates such as the graphene
layers, as already demonstrated.”’?® However, the key
aspect of this work is the establishment of a covalent bond
between the layer and CS, thanks to the reaction between
the amino and the CHO groups. It can be thus summarized
that preparation of bionanocomposites was performed in
an acidic media in order to: (i) protonate the amines and to
induce the cation-m interaction between the polymer and
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the graphene layers; (ii) catalyze the condensation reaction
between the amine and the carbonyl and induce the forma-
tion of the imine functional group. Indications for the for-
mation of the imine bond can be drawn from IR spectra,
both of carbon papers and acrogels.

As mentioned above, water dispersions of CS/G-CHO
adducts were stable, for days at rest, and could be thus
considered as suitable starting material for the preparation
of CS/G-CHO nanocomposites.

However, it is worth focusing the attention on the con-
sequences on the composites properties of a graphene/chi-
tosan network based on covalent bonds.

Findings indeed interesting arise from XRD results. In the
pattern of the CS/G-CHO carbon paper the (002) reflection of
stacked graphene layers is not visible. In a recent paper by
some of the authors,”® exfoliation of HSAG to few layers gra-
phene’’ was obtained in CS based carbon papers and aerogels,
but the (002) reflection was absent only in the XRD pattern of
the aerogel swollen in water. It is widely acknowledged that
the absence of an evidence is not the evidence of an absence.
However, the pattern in Figure 4(C)e allows to comment that
extensive HSAG exfoliation, down to few layers graphene
and even graphene, can occur by simply preparing the carbon
paper. To achieve this result, the formation of covalent bonds
between CS and the graphene layers is definitely beneficial.
To the best of our knowledge, for the first time, extensive (if
not complete) exfoliation of a graphitic aggregate was obtained
in a carbon paper by simply mixing CS and a nanosized graph-
ite, casting then the water dispersion.

Carbon papers were found to be stable in solvents in a
wide range of solubility parameters and at all the G-CHO/
CS ratios and to pH = 7. Aerogels were analogously stable
in the same pH range but revealed the ability to absorb the
solvents, up to the crumbling of the sample in water. The
porosity of the acrogels appears to be responsible for this
behavior. Interestingly, also the acrogels with 2:1 as the
G-CHO/CS ratio were stable in hexane. These results sug-
gest the key role of the crosslinking of chitosan with the
graphene layers. Indeed, the behavior at pH=1 and 4 can
be attributed to the hydrolysis of the imino bond.

The key aspect of this work appears to be the formation
of the imino bond between G-CHO and chitosan. The
nucleophilic carbonyl addition reaction of the amine to the
aldehyde is favored by the acidic medium and by the dona-
tion of energy (sonication process). Reaction of chitosan
with aldehydes are well documented in the literature.>®
Indeed, chitosan is crosslinked with glutaraldeide. To dem-
onstrate the easy reactivity of the repeating unit of chitosan
with an aromatic aldehyde, in this work the synthesis of
6-(hydroxymethyl)-3-(4-methoxybenzylideneamino)tet-
rahydro-2H-pyran-2,4,5-triol from glucosamine and
4-methoxybenzaldehyde was performed, in the same reac-
tion conditions used for for bionanocomposites, hence at
nominal room temperature. The reaction pathway of the
model reaction is reported in Figure SI-17. The reaction

occurred only by mixing the aldehyde, the amine and ace-
tic acid and giving sonication energy.' H NMR spectrum,
consistent with the structure of the hypothesized product is
reported in Figure SI-18.

Electrical conductivity was found in CS/G-CHO nano-
composites. This property could be tuned, not only by
selecting a proper graphite grade, but also through the
chemical composition of the composite. As a perspective,
it would be interesting to investigate the thermal conduc-
tivity of CS/G-CHO materials: the continuous network
based on covalent bonds could be indeed beneficial.

Conclusions

Carbon papers and aerogels were simply created by first
mixing, with mortar and pestle, chitosan and graphene lay-
ers edge functionalized with aldehydic groups, then casting
or liophilizing stable water dispersions of CS/G-CHO
adducts. Such a simple procedure led to the formation of
free standing and foldable papers and monolithic acrogels,
to the extensive exfoliation of graphene layers, to great sta-
bility to solvents and pH. All these results are convincingly
explained by the existence of a continuous covalent net-
work between CS and the graphene layers. It would be
desirable to scale up the preparation of the nanocomposites
presented in this paper. However, the reaction of nanograph-
ite with KOH and the successive Reimer-Tiemann reaction
have been so far explored at the lab scale. This could be
seen as a limitation of the research here reported.
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