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In this work, we exploit new sustainable carbon-based nanostructures by investigating the biomimetic pyrolysis
and hydrothermal liquid crystal transfer of natural chitin nanofibrils. Chitin nanofibrils with Bouligand structure
in the original crab shell are thermally carbonized to yield helical mesoporous carbon replicas. Monodisperse
oleic acid-capped cobalt oxide nanoparticles are impregnated into helical pores in the carbonized membranes to
generate hierarchical mesoporous Co304/C nanocomposites that are functionable as a freestanding, binder free
supercapacitor. Towards colloidal chemistry of photoluminescent chitin-derived carbon nanoparticles, chitin
nanorods prepared by acid hydrolysis of crab shell-extracted chitin disperse in water to form chitin liquid crystals
that are used as a new carbon precursor for the carbonized transformation. Hydrophobic oleic acid-stabilized
carbon nanorod colloids with optical response are primarily synthesized by hydrothermal phase transfer
carbonization of chitin liquid crystals. The structural integrity of chitin nanorods can be preserved during liquid-
liquid phase transformation to form carbon nanorods. The carbon anisotropic nanocolloids hydrophobically
dispersed in toluene exhibit green photoluminescent emission in the visible region, which optically respond to
trinitrotoluene. Our chitin inspiration paves a way to pursue further investigation of the electrochemical catalysis
for the mesoporous Co304/C nanohelices and the sensing and optical coating for the photoluminescent carbon
nanorod colloids.

and surface defects [4,5]. Such behavior typically makes a material not
itself as a bulk if its structure can be controlled upon synthesis at micro,

1. Introduction

Nanoscale is an intriguing factor to study the evolution of excep-
tional features of materials with hierarchical structures for developing
nanotechnology [1-3]. As the particle sizes of bulk materials reduce
down to nanometers, new optoelectrical properties often emerge in
high-surface-area nanosized objects arising from quantum confinement

nano, and atomic levels [6]. Comprehensive studies of particle size,
morphological shape, functional surface, hierarchical porosity, and
synthetic feasibility of nanomaterials are a means to exploit their unique
properties for applications. Through nanoscale design concept, a spec-
tacular example of nanomaterials is carbon thin films with spectacular
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transparency and mechanical flexibility instead of traditionally black
color and rigidity [7]. Moreover, carbon is in a macroscopic bulk form to
have black color, but typically appears the photoluminescent emission
under ultraviolet light irradiation at the nanoscale [8].

Nanocarbon is a leading material for semiconductor technology
owing to its electrical, thermal, chemical, and mechanical features [9,
10]. Optoelectronic carbon-based nanomaterials have widely been used
for many interesting applications in bioimaging, drug delivery, color
display, sensors, catalysis supports, supercapacitors, and photovoltaics
[11,12]. The major achievement of the nanocarbon fabrication enables
the control over uniform morphology, hierarchical structure, colloidal
dispersity, surface accessibility, homogeneous doping, heterojunction,
and optical activity to boost the reaction performance [13]. The struc-
ture and composition of carbon materials are diverse due to the variation
of their hybridization and crystallinity. They are generally in
outstanding forms of fullerene, diamond, tube, graphite, and poly-
amorph prepared from different precursor sources employed [10]. In
aspects of chemical sustainability, optoelectronic nanocarbons derived
from biomass are an efficient routine to access the possibility of appli-
cations in practice [14-16]. Carbohydrates are a valuable biomass
source for sustainable carbon-based micro/nanomaterials by carbon-
ization because of its availability on earth [17].

Crabs and shrimps are the most popular seafood source in the human
food chain and the food processing annually generates over 13 million
tons of crustacean shell waste [18]. Chitin biopolymer is second to only
cellulose, which is a main component (~15-40 wt%) in shells of crabs
and shrimps [19]. As a novel biopolymer source, chitin and its de-
rivatives are produced at around 100 billion tons per year and tradi-
tionally used in the field of biopolymer and materials chemistry at
academia and industry [20]. Because of the natural abundance and
economic value, it is vital to exploit new strategies of using discarded
crustacean shells and extracted chitin for inspiring sustainable materials
and their applications [21]. Remarkably, hierarchical structure,
morphology, and composition are unique features of natural chitin
nanofibrils in crustacean shells, which should be considered for research
to develop applications through material biomimicry and inspiration
[22]. In 1972, Bouligand Yves primarily reported a helically layered
porous structure of chitin nanofibrils in some crustacean shells [23].
This structural organization leads mineralized chitin assemblies in shells
to exhibit the optical anisotropy and reinforce the mechanical strength.
The Bouligand’s surprising discovery has inspired scientists to exploit
structures of crustacean shells for mimicking functional porous
carbon-based materials derived from chitin [24]. Taking advantage of
chitin as a sustainable carbon semiconductor, crustacean shell-derived
carbon materials were used as a supercapacitor for energy storage and
the capacity of carbon electrodes could be enhanced by incorporating
oxide nanoparticles (e.g., cobalt oxide [25-28]). Although some porous
oxide/carbon composites derived from crab shells have been inspired to
design as a sustainable supercapacitors, such structural biomimicry
often does not show the helical arrangement at the microscopic level.

Carbohydrate liquid crystals (LCs) are very common in nature, which
could be found in lipopolysaccharides, steroidal glycosides, saponins,
and cellulose [29,30]. In 1993, Revol and Marchessault early prepared
chitin LCs from acid hydrolysis of natural chitin fibrils [31]. The
rod-shaped chitin nanoparticle colloids obtained disperse in water to
form LCs at above critical concentration. Later, scientists prepared chitin
LCs to use as a nanofibril source, platform, and template to generate
one-dimensional (1D) layered materials [21,32,33]. Remarkably, chitin
dispersion can be used as a novel carbon precursor to create hierarchical
porous carbon solids by self-assembly and carbonization [34-36]. This
bioinspiration reminds us of studying chitin LCs for functional
carbon-based nanocolloids with the integrity of the anisotropic shape.
To the best of our knowledge, the extensive studies have mostly been
focused on the transformation of chitin LCs into solid-state materials of
carbon assemblies, but the carbonized transformation process of chitin
LCs at liquid phase is scarcely reported.
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In another work, once carbon is in particles with nanometer size
domain, it generally emits photoluminescent color under light irradia-
tion by quantum confinement effect [8]. Such optoelectronic charac-
teristics often appear in carbon nanodots. The interesting colloidal
chemistry of photoluminescent carbon nanoparticles motivates scien-
tists to develop their applications in solar cells, sensing, photocatalysis,
and bioimaging [37]. There are many ways to make photoluminescent
carbon nanoparticles from different precursors [38]. Photoluminescent
carbon nanoparticles derived from carbohydrates are a sustainable way
recently reported by some groups [38]. Although some efforts have been
devoted to the hydrothermal carbonization of carbohydrates to lumi-
nescent carbon-based nanoparticles, most of these materials are hydro-
philic  dot-shaped nanoparticles and natural carbohydrate
macromolecules used are crude [38-43]. Natural chitin fibrils are hy-
drolyzed by acid to generate rod-shaped chitin nanocrystals that
disperse in water to form a chitin liquid crystal [31]. However, the
synthesis of hydrophobic colloidal dispersions of photoluminescent
carbon anisotropic shaped nanoparticles from chitin liquid crystals is
virtually unexplored.

Herein we reported the bioinspirational investigation of trans-
formating chitin nanofibrils in discarbed crab shells into optoelectronic
carbon-based nanomaterials through structural mimicry and hydro-
thermal carbonization. The original crab shell was pyrolyzed to obtain a
mesoporous carbon replica with Bouligand-type structure after etching
mineral component away by acid. Further impregnating uniform cobalt
oxide nanoparticles onto biomimetic mesoporous carbonized networks
afforded cobalt oxide/carbon composite replicas that can function as a
binder free supercapacitor. Alternatively, the crab shell was purified to
extract chitin that hydrolyzed by acid to obtain nanorod-shaped chitin
liquid crystals. The chitin liquid crystals were used as a new anisotropic
precursor to synthesize oleic acid-stabilized carbon nanorod colloids
with shape replication, hydrophobic surface, and photoluminescent
response by hydrothermal phase transfer of chitin from water into
toluene.

2. Chemical experiments

Chemicals. Crab shells were obtained from discarded sources of
seafood processing. Oleic acid, cobalt nitrate, potassium oleate, trini-
trotoluene were purchased from Sigma-Aldrich and used as received.
Toluene, hydrochloric acid, sodium hydroxide, hydrogen peroxide, and
ethanol were obtained from standard suppliers.

Hierarchical mesoporous Co304/C nanocomposites inspired by
crab shells. The pyrolysis of chitin was accomplished under nitrogen by
heating original crab shells to 100 °C at 5 °C min~! for 4 h and up to
600 °C at 5 °C min~* for 8 h to generate mineralized carbonaceous
composites. The calcium carbonate component in the carbonized com-
posites was removed by treating the sample with 1 M HCI at room
temperature for 24 h. Hierarchical mesoporous carbon nanomaterials
were obtained after filtering, washing with copious water, and drying at
ambient conditions.

For the preparation of oleic acid-capped Co304 nanocrystal colloids,
10 mL ethanol solution containing 3 mg potassium oleate was added to a
20 mL toluene/2 mL oleic acid solution and then mixed with 20 mL of Co
(NO3), aqueous solution (0.08 M, 1.6 mmol) to form a two-phase
mixture, in which the oleate anions disperse into the oil phase. The
biphasic mixture was transferred to a teflon-lined stainless steel auto-
clave and heated at 180 °C for 24 h to proceed the hydrothermal reac-
tion. The reaction mixture obtained after hydrothermal treatment
remained the two phases, where the dark brown nanocrystal solution in
the upper toluene phase was separated from the lower water phase and
precipitated by excessively adding ethanol. The purified nanocrystals
were collected by centrifugation and redispersed in toluene. The
precipitation-redispersion process was repeated for two times to purify
hydrophobic oleic acid-capped Co304 nanocrystal colloids.

For the preparation of Co304/C nanocomposites, 1.0 mL of oleic
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acid-capped cobalt oxide toluene dispersion was dropcast onto porous
carbon membranes (~250 mg) and let them dry at ambient conditions
for 10 min. This loading and drying process was repeated for three times
to infiltrate the sufficient amount of the oxide nanoparticles within the
pores of the carbon membranes. To increase interfacial interaction be-
tween active cobalt oxide nanoparticle deposits and carbon supports, the
resulting composites were pyrolyzed at 350 °C under nitrogen for 2 h to
generate freestanding Co304/C composite films with hierarchical mes-
oporous structure.

Oleic acid-capped carbon nanorod colloids hydrophobically
dispersed in toluene derived from chitin liquid crystals. For the
preparation of nanorod-shaped chitin liquid crystals, cleaned crab shells
(~50 g) were treated with a NaOH aqueous solution (5 wt%, 1000 mL)
at 90 °C for 6 h to remove protein and then treated with an HCI aqueous
solution (7%, 1000 mL) twice at room temperature for 24 h to remove
minerals. The deproteinized and decalcified chitin samples were washed
with copious water and then treated with an H,O, aqueous solution (5
vol%, 1000 mL) at 90 °C for 1 h to bleach organic pigments. To prepare
chitin nanocrystals, the purified chitin samples (~5 g) were treated with
a NaOH aqueous solution (33 wt%, 80 mL) at 90 °C for 2 h for the surface
deacetylation of amino groups. The deacetylated chitin samples were
collected and neutralized by washing thoroughly with water, and then
treated with an HCI aqueous solution (4 M, 100 mL) at 104 °C for 18 h to
hydrolyze chitin nanofibrils to rod-shaped chitin nanocrystals. Because
organic pigments in the crab shell were oxidized during acid hydrolysis
to form dark-brown reaction mixtures. These pigments in the reaction
mixture were oxidized by HoO2 (30%, 25 mL) at 90 °C for 30 min to
obtain cloudy chitin solutions [44]. After acid hydrolysis, the reaction
mixtures were diluted with 100 mL water and then centrifuged to
remove soluble chitin species. This purification was repeated for three
times to obtain a cloudy chitin aqueous suspension. The chitin nano-
crystal colloids were adjusted to the concentration of ~6.6 wt% and the
pH value to ~4 to form a stable chitin aqueous suspension [33].

For the preparation of hydrophobic oleic acid-capped carbon nano-
rods, a 5 mL portion of chitin aqueous solution (6.6 wt%, pH~4) was
mixed with 4 mL toluene containing 1 mL oleic acid under stirring at
room temperature for 1 h. The two-phase mixture was poured into a
teflon-lined stainless steel autoclave, which seated and heated at 180 °C
for 24 h. After hydrothermal treatment, the upper phase changed to dark
brown in color, which was clearly separated from the lower phase by
funnel. The collected upper water phase was purified by centrifugation
to obtain a homogeneous colloidal dispersion showing green photo-
luminescent colors under UV light excitation.

Structural analysis. Powder X-ray diffraction (PXRD) patterns of
the samples were recorded on an Advance Bruker D8 X-ray diffrac-
tometer. Scanning electron microscopy (SEM) images of the samples
were obtained on a JSM-5300LV electron microscope. Samples were
prepared by attaching them to aluminum stubs using double-sided ad-
hesive tape and sputter coating with Au (5 nm). Transmission electron
microscopy (TEM) images of the samples were obtained on a JEOL-JEM
1010 electron microscope. Infrared (IR) spectroscopy was obtained on
neat samples using a IR-Prestige-21 spectrometer. Zeta potentials of the
dilute chitin solutions (0.001 wt%, pH~4) were obtained using an Anton
Paar Litesizer 500. Thermogravimetric analysis (TGA) of the samples
(~10 mg) was conducted at the heating rate of 10 °C min~! under air
and/or nitrogen atmosphere from RT to 800 °C using a Labsys TG/
DSCSE-TARAM thermogravimetric analyzer. Polarized optical micro-
scopy (POM) was performed on an Olympus BX40 microscope. The
UV-Vis adsorption spectroscopy of the solution was recorded using a
Jasco V-630 spectrophotometer. Photoluminescence spectroscopy was
obtained on a Hitachi F4500 fluorimeter. Raman spectroscopy was
performed using a SpectraCode model RP-1 spectrometer with a 785 nm
diode laser excitation. Nitrogen adsorption-desorption isotherms (US)
were obtained using a Micromeritics at 77 K and the samples (~120 mg)
were degassed at 150 °C in vacuum for 4 h before measurements. Cyclic
voltammetry measurements were performed with a two-electrode
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configuration using a Brinkmann PGSTAT12 Autolab potentiostat. The
freestanding films were weighed and soaked in a 1 M KCl aqueous so-
lution for at least 24 h. Two pieces of symmetrical films, Whatman filter
paper piece, and 1 M KCI were used as electrodes, separator, and elec-
trolyte, respectively. Stainless-steel collectors sandwiched two films
with a filter paper separator, which were placed in a Swagelok two-
electrode cell.

3. Results and discussion

In 1970s, Bouligand Yuves early reported the twisted plywood
arrangement of chitin nanofibrils in some crusteacean shells, resembling
a cholesteric mesophase of liquid crystals [23]. In 1993, Revol and
Marchessault pioneered the synthesis of chitin liquid crystals by acid
hydrolysis of chitin fibrils [31]. Chitin nanoparticles in liquid crystals
could be a novel carbon precursor to innovate optoelectronically
carbonized materials with anisotropically structured features [34]. In
aspect of the natural evolution, our current work deeply considered the
novelty of the twisted fibrous organization and chitin liquid
crystal-derived carbon in abundantly discarded crab shells to inspire
new types of optoelectronical carbon-based nanostructures through
biomimetic pyrolysis and hydrothermal phase transfer.

To inspire carbon nanomaterials with the Bouligand-type structure,
the original crab shell was pyrolyzed at 600 °C under nitrogen to
generate CaCO3/C composites. The carbonized shell was treated with a
1 M HCl solution at room temperature to dissolve the CaCO3 component
and yielded a black carbon replica (Fig. Sla). The obtained carbon
materials originally retained the macroscopic shell features with ther-
mal shrinkage. Scanning electron microscopy (SEM) images (Fig. 1a) of
the carbon replica show two helical systems: one is carbon nanofibrils
twisted around helical axis to form a twisting layer structure and
another is helicoidal canal-like microchannels (see more detail in their
decorated composites in Fig. 2). Both the helical systems integrated
together in a highly complicated but sophisticated way to form a twisted
porous framework in the sustainable carbon membrane. Structural an-
alyses showed the carbon material is amorphous and mesoporous as
evidenced by Powder X-ray diffraction (PXRD), Raman spectroscopy,
and nitrogen adsorption-desorption isotherms (Fig. 4) [45-47]. The gas
adsorption-desorption isotherms measurement showed a type-IV
isotherm with type-H2 hysteresis to reveal mesoporous structure in
the crab shell-derived carbon materials. The carbon material has a BET
surface area of ~800 m? g~! and pore size of ~12 nm associated to the
presence of nanosized void spaces between carbonized chitin nanofibrils
(Fig. 4d). The structural imprint of the large porous networks could lead
the macroscopic helical carbon films to be a novel platform for additive
deposits to develop functional composites with unique electrochemical
property.

Cobalt oxide nanoparticles are a p-type semiconductor with oxygen
vacancies and other native defects, which are useful for electrochemical
and optoelectronic devices [48,49]. Chemically stabilized carbon net-
works can host electrochemically active cobalt oxide at the nanoscale to
boost the reaction performance by the influence of interfacial effects.
The engineering of hierarchical porosity in cobalt oxide/carbon nano-
composite semiconductors is also key to improve the reactivity by
diffusion of reactants inside pores [50]. Therefore, sustainable cobalt
oxide/carbon nanocomposites inspired by crab shells have a great po-
tential in applications of energy storage, catalysts, catalytic substrates,
and sensors [26,51-53]. To prove such heterojunction, we impregnated
cobalt oxide nanoparticles into the helical porous carbon films and their
enhanced electrochemical properties were evaluated for supercapacitor.
Hydrothermal two-phase synthesis was used to synthesize oleic
acid-capped Co304 nanoparticles with the size of ~5-10 nm (Fig. 1b and
c) [54]. The oleic acid-capped cobalt oxide nanoparticles monodispersed
in toluene to form a colloidal solution that gently dropcasted on the
porous carbon films. The toluene solvent quickly evaporated off to
diffuse the cobalt oxide nanoparticles into pores through carbon film.
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Fig. 1. (a) SEM image of crab shell-derived carbon nanomaterials with twisted Bouligand structure and TEM image (c) and HRTEM image (d) of oleic acid-capped
Co304 nanocrystals prepared by hydrothermal two-phase transfer shown in photo (b).

The nanoparticle dropcast was repeated for three times to increase the
loading of the oxide nanoparticles, and consequently a homogeneous
Co304/C composite film was obtained (Fig. 2a). The resulting compos-
ites were heated at 350 °C for 2 h to pyrolyse the oleic acid capping
agent adsorbed on the materials and thus increased cobalt oxide-carbon
interactions in the composite films.

Scanning electron microscopy (SEM) images (Fig. 2b—d) show that
the cobalt oxide nanoparticles fully decorated onto the helical porous
carbon networks. The deposition is mostly homogeneous through Bou-
ligand structure, where the individual oxide nanoparticles directly
attached to the carbon nanofibrils and others aggregated into larger ones
confined in the helical canal-like macrochannels. Upon impregnation,
the cobalt oxide nanoparticle colloids first had a tendency to homoge-
neously insert into the mesoporous arrays between carbon nanofibrils.
Once this colloidal deposition was full, the oxide nanoparticles located
on walls of the macroporous canals and on surfaces of the carbon films.
Upon pyrolysis in nitrogen, the carbon structure further shrunk to lock
the deposited oxide nanoparticles within the mesoporous arrays of
carbon nanofibrils, forming uniform cobalt oxide@carbon hybrid
nanofibrils. The oxide nanoparticles placed on the surfaces of the mac-
roporous channels and films tended to agglomerate to minimize their
surface energy and as a consequence of forming the larger oxide nano-
particle aggregates with the sizes up to several micrometers. Therefore,
the structural shrinkage and agglomeration by further pyrolysis after
deposition caused the oxide nanoparticles to be tightly attached onto the
pores of the carbon frameworks. Transmission electron microscopy
(TEM) images (Fig. 3) were used to further analyze the Co304/C struc-
ture. It can be observed ~10-20 nm sized nanoparticles heterogeneously
inserted into the mesoporous carbon nanofibril assemblies with helically

layered structure, which is consistent with the SEM results. Also note
that the further pyrolysis of the composites obtained after deposition led
to the growth of the cobalt oxide nanoparticles onto the carbon matrix.
As a result, the sizes of the cobalt oxide nanoparticles deposited in the
porous carbon networks in the final product are larger than those of the
parent nanoparticle colloids. The composite also remained nanosized
spaces between the Co304/C hybrid nanofibrils to indicate the presence
of mesopores, consisting with the nitrogen sorption data (Fig. 4d). These
electron microscopy examinations fully prove the original conservation
of the twisted Bouligand arrangement in the Co304/C nanocomposites
obtained after thermal pyrolysis of the natural crab shells followed by
chemical purification and nanoparticle deposition. The impregnation
and heating did not disrupt the cubic structure of the Co304 nanocrystals
deposited onto the porous carbon matrix, as evidenced by PXRD in
Fig. 4a [55]. Thermogravimetic analysis (TGA) confirmed the cobalt
oxide deposit to be ~20 wt% in the carbon support (Fig. 4c). Nitrogen
sorption isotherms show the composite still remained the mesopororous
structure with the surface area of ~250 m? g~ (Fig. 4d). Through
structural mimicry, this is the first experiment of inspiring the crab
shell-derived carbon Bouligand structures impregnated with the uni-
form oxide nanoparticles.

The cobalt oxide nanoparticles known as an outstanding catalyst
combined with the carbon semiconductor support, which lead the hi-
erarchical mesoporous nanocomposites to hold the potential for elec-
trochemical catalysis, gas sensing, and supercapacitor applications. We
evaluated the electrochemical properties of the hierarchical porous
Co304/C nanocomposites with an eye to their potential use in super-
capacitor electrodes using cyclic voltammetry (CV) in Fig. 4e and f. The
freestanding Co304/C composite films were directly used as electrodes
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Fig. 2. Biomimetic pyrolysis carbonization of chitin nanofibrils with Bouligand-type structure in abundantly discarded crab shell to hierarchical mesoporous carbon
replica impregnated with cobalt oxide nanoparticles. a) Photo of freestanding Co30,4/C composites, SEM images of cross section of Co304/C composite film at (b) low
and (c) high magnifications, and d) SEM image of top view of Co304/C composite film.

in a binder free two-electrode symmetric supercapacitor and 1 M KCl
solution was used as an electrolyte. The CV of the Co304/C shows a
nearly rectangular shape at a scan rate of 10 mV s~ with no noticeable
redox peaks, suggesting a highly capacitive behavior with good ion
response. This feature also indicates the charge-discharge process
occurring at the pseudo constant rate over the applied cycle. The Co304/
C composite shows a specific capacitance (Cg) of ~200 F g™! that is
higher than that of the parent carbon sample (~170 F g_l). This assumes
that the Co304 nanodeposites improved the faradaic capacitance of the
carbon support, which could result in contributing to charge storage
through a pseudo-capacitve mechanism. The carbon matrix supported
the cobalt oxide nanoparticles to minimize their volume expansion/
contraction, which thus may exhibit synergetic electrochemical prop-
erties as well. Beyond this, we believe that the uniqueness of the
nanoscale helicity and porosity at the microscopic level endows the
helical cobalt oxide/carbon composites with chiral functionality to
further investigate their interesting other applications in chiral separa-
tion, chiral molecule absorption, and/or chiral catalysis [56-59].

Beyond solid-state materials as the hierarchical porous carbon films,
we motivated to inspire the colloidal chemistry of shape-controlled
carbon nanoparticles from crab shell-derived chitin liquid crystals. To
pursue this concept, we turned the natural chitin fibrils to nano-
crystalline chitin colloids by acid hydrolysis reported by Marchessault
and Revol [31]. Hydrolyzed chitin rod-shaped nanocrystals typically
disperse in water to form a liquid crystal system. Our goal is to inves-
tigate the conversion of chitin nanoparticles in liquid crystals to
colloidal carbon nanoparticles with the integrity of the anisotropic
shape. Rather than aqueous media, we preferred to achieve hydrophobic
carbon nanocolloids with optoelectronic response to value their poten-
tial uses.

We first set out to synthesize chitin liquid crystals prepared from the
discarded crab shell and used them as a new precursor to make hydro-
phobic carbon nanocolloids with controllable shape. The cleaned crus-
tacean shells were sequentially deproteinized, demineralized, and
depigmented to purify chitin pieces. The extracted chitin nanofibrils

were treated in a hot concentrated alkali solution and the resulting
sample was hydrolyzed in a 4 M HCl aqueous solution at 104 °C to form
chitin nanocrystals. The chitin nanocrystal product was collected from
the reaction mixture by centrifugation and then dispersed in deionized
water under sonication to form a homogeneous chitin suspension. This
colloidal suspension is an anisotropic chitin liquid crystal at the critical
concentration of 6.6 wt% (Fig. 5a-left).

TEM images (Fig. 5b,e) of the prepared chitin aqueous dispersion
show that chitin nanocrystals are discrete rod-shaped nanoparticles with
the diameter of ~5-10 nm and the length of ~300-500 nm. These sizes
are considerably smaller than those of the purified chitin nanofibrils,
proving that rod-shaped chitin nanocrystals are hydrolyzed anisotropic
fragments of the natural chitin nanofibrils. POM examination of the
chitin aqueous dispersion showed anisotropic birefringent textures
characteristic of a nematically layered liquid crystal (Fig. 5c). These
experimental results confirm that the defragmentation of the purified
natural chitin nanofibrils under these identical reaction conditions
recovered well-defined chitin nanorod colloids that can disperse in
water to form an anisotropic chitin liquid crystal [31,60].

Recent progress has shown that the hydrothermal reaction is an
efficient method to break down carbohydrates to form carbon nano-
particles upon carbonization conditions in aqueous media. We applied a
similar experiment for chitin nanocrystals to proceed the hydrothermal
carbonization. We found that the hydrothermal treatment of chitin
aqueous suspension (6.6 wt%, pH~4) with liquid-crystalline features at
180 °C often form carbonized gels rather than dispersed nanocolloids.
To avoid this issue, we used 1.0 wt% chitin aqueous dispersion diluted
from 6.6 wt% chitin liquid crystals and the hydrothermal treatment
typically generated photoluminescent carbon nanocolloids dispersed in
water (Figure S8). However, the carbon colloids are nanodots instead of
the original nanorods from the parent chitin nanocrystals, which are
mostly similar to previously reported carbon nanodots hydrothermally
derived from carbohydrates [61,62]. In water, the decomposition of
chitin nanocrystals can be accelerated under hydrothermal carboniza-
tion to result in forming carbon nanodots. This behavior could be
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Fig. 3. Heterogeneous decoration of cobalt oxide nanoparticles onto carbon nanofibrils in Bouligand structured films: TEM images of cobalt oxide/carbon composites
and HRTEM image in (f) clearly reveals cobalt oxide nanocrystals with a lattice space of 0.26 nm decorated onto an amorphous carbon nanofibril matrix, thus leading

to the formation of a metal oxide@carbon nanohybrid composite.

minimized by using a non-polar solvent to proceed the hydrothermal
carbonization of nanorod-shaped chitin liquid crystals, and conse-
quently colloidal carbon nanorods might be yielded. To deal with this
motivation, we investigated a hydrothermal two-phase transfer
approach to enable the conversion of chitin liquid crystals to colloidal
carbon nanorods.

Chemically, the hydrolysis of natural chitin yielded chitin nano-
crystals with exposed surface amine groups. Elemental analyses
confirmed 43.70 wt% carbon and 6.30 wt% nitrogen in the prepared
chitin nanocrystals, assuming that about 70% of the primary amine
groups present on chitin nanorods [63]. In acidic media, these exposed
amine groups are protonated to turn chitin nanocrystals to anisotropic
nanocolloids with positively charged surface. This can be convinced by
zeta potential ({) measurement of the chitin aqueous suspension to
evaluate the ¢ value of approximately +13 eV. The positively charged
surface of highly dispersed, well-defined chitin nanorods reminded us a
possible way of the phase transfer of the amphiphilic liquid crystals into
a hydrophobic oil solution for the material development by charged

and/or coordinated interactions [64].

Central for our approach is the use of the hydrophobically coordi-
nated ligand of oleic acid to interact with positively charged hydrophilic
chitin nanorods to possibly form intermediate complexes. These in-
teractions may occur at water-toluene interfaces to allow the resulting
complexes to proceed the phase transfer under reaction conditions to
create new materials with the structural integrity of the anisotropic
shape of chitin nanorods.

We set out to make experiments of the hydrothermal phase transfer
of chitin liquid crystals into a non-polar solvent in the assistance of oleic
acid. In a typical synthesis, a two-phase reaction system of aqueous
liquid crystal and oil was designed and proceeded hydrothermal treat-
ment. We used directly pure chitin liquid crystals (6.6 wt%, pH~4) as a
hydrophilic aqueous phase. The hydrophobic oil phase is a mixture of
toluene solvent and oleic acid simultaneously as a phase transferring
agent and a capping agent. These two phases were mixed together to
form a homogeneously phase-separated system, where the upper phase
is the oleic acid-toluene solution and the bottom phase is the chitin
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aqueous suspension (Fig. 5d-left). This biphasic system was used to
investigate the phase transfer of chitin nanorods into toluene under
hydrothermal treatment.

Due to possible interactions between chitin nanocrystals and oleic
acid under mixing, we investigated the phase transfer of chitin nano-
crystals at ambient conditions before thermal reaction. Under stirring
for 1 d at room temperature, the distribution of chitin nanocrystals in the
toluene phase was examined by optical and electron microscopies. Op-
tical microscope observation showed some aggregated crystals with
birefringent textures in the oil phase (Fig. 5f). TEM images (Fig. 5e)
confirm the presence of some nanorods in the oil phase and they largely
distribute in the interface. These nanorods have size and shape features
resembling those of chitin nanorods in liquid crystals, indicating that the
nanocomponent distributed through the oil phase is chitin nanocrystals.
These results assume oleic acid/chitin interactions occurring at the
interface at room temperature, leading some chitin nanorods in the
aqueous phase to transfer into the toluene phase.

The nanochitin phase transfer encouraged us to investigate the hy-
drothermal carbonization of the anisotropic chitin crystals in the oleic
acid/toluene phase (Scheme 1). Predictably, the temperature elevation
accelerates the phase transfer of chitin nanocrystals to enable the
achievement of functional carbonized nanocomponents dispersed in a
non-polar solvent. Hence, our initial experiments were performed by

pouring the two-phase mixture into an autoclave and heating it at 180 °C
for 20 h. As expected, after hydrothermal treatment the reaction mixture
changed to brown in color and the two-phase separation was maintained
as original (Fig. 6b). Remarkably, the upper phase is a homogeneous,
transparent brown solution, assuming that the phase transfer and hy-
drothermal carbonization of chitin nanorods simultaneously occurred
by heating. Impressively, the upper phase appears a strong green
luminescent color when viewed the hydrothermal two-phase mixture
under UV light (Fig. 6¢). Since carbon is semiconductor that typically
exhibits photoluminescence at the nanoscale. This optical visualization
reflects the generation of semiconducting carbon nanoparticles from
chitin liquid crystals.

The upper phase was collected from the hydrothermal two-phase
mixture and purified to investigate the structural features of the
resulting materials. Surprisingly, the luminescent toluene solution ob-
tained after reactions mainly contains individual nanorods with mono-
dispersity and good distribution as evidenced by TEM images in
Fig. 7a-d. No other shapes of the resulting nanoparticles could be
observed in the sample. These hydrophobic nanorods have the average
size of ~4-6 nm in diameter and ~100-300 nm in length, which are a
little smaller than those of the pristine chitin nanorods. This result
suggests that the synthetic experiment yielded carbonized nanorods
from the chitin nanorods with thermal shrinkage.
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Fig. 5. Rational design of a hydrothermal
biphasic transfer system of chitin liquid crystals
as a water phase and oleic acid/toluene as an oil
phase for the sustainable synthesis of hydropho-
bic carbon nanorod colloids. (a) Photos of chitin
liquid crystals (6.6 wt%, pH~4) viewed under
visible light (left) and under circularly polarized
light (right), (b) TEM image of chitin nanorods in
liquid crystals, (c) POM image of chitin liquid
crystals, (d) Two-phase system of chitin liquid
crystals (lower) and oleic acid/toluene (upper)
viewed under visible light (left) and under
circularly polarized light (right), () TEM images
of chitin nanocrystals partially dispersed in the
oil phase before hydrothermal treatment, (f)
POM image of the oil phase containing some
chitin from the initial phase transfer.
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Scheme 1. Schematic of the phase transfer of chitin liquid crystals in water
into photoluminescent carbon nanorods in toluene during hydrothermal
carbonization.
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The hydrophobic stabilization of the colloids in toluene can be a
result of the passive surface of the carbonized nanorods by oleic acid.
The hydrothermal carbonization of carbohydrate macromolecules often
affords nanocarbon and some soluble organic intermediates that both
emit photoluminescent colors under UV light excitation. Hence, to
determine structural properties of main products derived from nano-
chitin by hydrothermal phase transfer carbonization, we purified the
luminescent colloidal solution in the upper phase to selectively collect
the carbonized nanorods. Typically, the colloidal dispersion was
concentrated up by drying off toluene and then added ethanol to pre-
cipitate the carbonized nanorods out of the solution. The precipitate was
collected by centrifugation, washed with ethanol, and dried in air to
obtain a brown powder with lightweight characteristics. Eventually, the
purified powder was quickly redispersed in toluene to form a brown
colloidal solution with the retention of homogeneity and transparency
(Fig. 6e). This dispersion mostly remains the brilliant green photo-
luminescence of the pristine sample under UV light excitation at the
same wavelength, indicating that the emission mainly arises from the
carbonized nanorods (Fig. 6f).

The purified photoluminescent carbon nanorods were characterized
using a variety of analytical techniques. Infrared (IR) spectroscopy
(Fig. 7h) shows that the carbon nanorod has stretching bands of alkyl
groups at ~2850-2930 cm ! that resemble those of free oleic acid [65].
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However, IR bands at ~1530-1560 cm ™! attributed to asymmetric and
symmetric C-O stretching modes of carboxylate groups of oleic acid
were observed in the carbon nanorods. Free oleic acid has an IR band at
~1710 em ™! ascribed to the vibration of free -COOH, which is absent in
the carbon sample [65]. This result verifies that oleic acid capped on the
carbon nanorod’s surface. The stability of oleic acid on the carbon
nanorods makes them hydrophobic, leading to the monodispersity in
toluene. PXRD pattern (Fig. 7f) of the carbonized nanorods shows a
broad hump at ~23° characteristic of amorphous graphite structure that
is different from the crystallinity of chitin nanorods [66]. Raman spec-
trum (Fig. 7g) of the carbonized nanorods shows a D band at ~1340
m ! and a G band at ~1560 cm ™! characteristic of amorphous carbon
structure [66]. Elemental analysis confirmed that the carbonized
nanorod contains 1.60 wt% nitrogen compared with 6.30 wt% nitrogen
in the chitin nanorods. The high percentage of carbon in the carbonized
nanorods versus the chitin nanorods likely results from the carbohydrate
carbonization. The presence of nitrogen in the carbonized nanorods
proves that the synthesized product is nitrogen-doped carbon [66].
Altogether it can lead to a conclusion that the luminescent carbonized
nanorod colloids are made of oleic acid-capped nanocarbon polymorph.
The oleic acid-capped carbon nanorods were characterized by opti-
cal spectroscopy. UV-Vis spectra (Fig. 7e) of the oleic acid-capped car-
bon nanorods homogeneously dispersed in toluene show a pronounced
absorbance shoulder centered around 250-320 nm. Photoluminescence
spectra (Fig. 7e) of this sample show a strong, broad emission with a
maximum peak at 420 nm. This wavelength range of the maximum
emission is consistent with the green luminescent color of the colloidal

UV light

UV light
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Fig. 6. Hydrothermal phase transfer of chitin
liquid crystals into luminescent oleic acid-capped
carbon nanorods in toluene. Photos of two-phase
system of chitin liquid crystals and oleic acid/
toluene (a) before and (b) after hydrothermal
carbonization. (c) Photo of hydrothermally
carbonized two-phase system viewed under UV
light irradiation, (d) Photo of carbonized
nanorod-contained oil phase separated from the
reaction mixture, (e) Photo of purified carbon
nanorod powder colloids redispersed in toluene,
(f) Photo of purified carbon colloidal dispersion
viewed under UV light irradiation, (g) Photos of
layer coating of the as-prepared carbon nanorod
dispersion on silica glass viewed under visible
light and UV light irradiation.

-‘,ﬂ‘

Photoluminescent glass

dispersion observed by naked eyes. These results confirm that the oleic
acid-capped carbon nanorods derived from chitin liquid crystals are
hydrophobic semiconductor colloids exhibiting the efficient lumines-
cent property. We also found that the carbon nanorod colloids suffi-
ciently interact with a trace amount of trinitrotoluene (TNT) to quickly
quench their photoluminescent signal as evidenced in Fig. 7e. This
electrochemical response reflects that the photoluminescent carbon
nanorods could be designed into optical probes and sensors.

The shape resemblance of the oleic acid-capped carbon nanorods and
the chitin nanorods fully proves the concurrence of the transfer phase
and hydrothermal carbonization. This result may predict that oleic acid
first interacts with chitin nanorods and/or carbonized nanorods at the
toluene-water interface, which later transfers carbon nanorods stabi-
lized by oleic acid into the toluene phase upon hydrothermal treatment.
We found that oleic acid plays a key role in forming the homogeneous
non-polar dispersion of the luminescent carbon nanorods by simulta-
neously being as a phase transferring agent and as a colloidal stabilizer.
The phase transfer of the nanorods could not occur in the absence of
oleic acid.

The uniqueness of our approach lies in the ability to originally
conserve the rod shape of the parent chitin nanocrystals in the nano-
carbon semiconductors with photoluminescent properties. The aniso-
tropic shape integrity achieved upon carbonization may be due to the
high crystallinity of chitin nanorods. We also note that dilute solutions of
chitin nanorods (e.g., 0.5 wt%) can be used as a precursor aqueous phase
for preparing the luminescent oleic acid-capped carbon nanorods
dispersed in toluene with their lower concentrations. In this work, we
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Fig. 7. Structural features of luminescent oleic
acid-capped carbon nanorods prepared by hy-
drothermal liquid crystal transfer. (a-d) TEM
images of oleic acid-capped carbon nanorods
viewed at different magnifications, (e) UV-Vis
spectrum and Photoluminescence spectra (exci-
tation wavelength at 300 nm) of oleic acid-
capped carbon nanorods dispersed in toluene;
the photoluminescent signal is considerably
quenched in the presence of 20 puM trinitrotol-
uene as indicated in black line, (f) PXRD pattern
and (g) Raman spectrum of oleic acid-capped
carbon nanorods, and (h) IR spectra of free
oleic acid (black), chitin nanocrystals (blue), and
oleic acid-capped carbon nanorods (red).
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preferred to use directly chitin liquid crystals (higher concentration of
chitin (6.6 wt%)) to obtain the higher concentration carbonized
dispersion because of the increased phase transfer at higher precursor
concentrations.

Although many efforts have been made to develop carbon nano-
particles from the hydrothermal carbonization of carbohydrates, most of
them are prepared in water to obtain nanocarbons that mostly dispersed

T T T T T

3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

in water [42,67]. Until now, there is only one literature recently re-
ported by Bhunia et al. on the hydrothermal carbonization of the usual
carbohydrate sources into hydrophobic luminescent nanocarbons [68].
However, these materials are nanodots rather than anisotropic shaped
nanoparticles (e.g, nanorods). To the best of our knowledge, this is the
first experiment of using chitin liquid crystals in the biphasic system to
generate the luminescent non-polar colloidal dispersion of the new oleic

Fig. 8. Two-phase transfer synthesis of acidic chitosan solution as a water phase. (a) Photo and (b,c) TEM images of photoluminescent carbon dot-shaped nano-

particles dispersed in toluene instead of carbon rod-shaped nanoparticles.

10
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acid-capped carbon nanorods by hydrothermal phase transfer carbon-
ization. It surprised to realize the intense photoluminescence of the
carbon rod-shaped nanoparticles, even though their particle sizes are
larger than those of previously reported carbon nanodots. These features
may be dominated by their surface properties and anisotropic features.

To evaluate which factors are key to the formation of the carbonized
nanorods, we carried out a control experiment of using an acidic chi-
tosan solution (~6.6 wt%) instead of chitin liquid crystals under the
exact same reaction conditions. After hydrothermal treatment, the ho-
mogeneous upper phase also shows lightly green luminescence with
lower intensity (Fig. 8a). However, TEM examination indicated that all
solid material dispersed in toluene is carbon nanodots with an average
size of ~20-40 nm (Fig. 8b and c). No nanorods could be observed in
this sample. The formation of the carbon nanodots from the conven-
tional chitosan solution in the biphasic mixture is similar to Yang et al.’s
report on the hydrothermal carbonization of chitosan in an one-phase
aqueous solution [61].

Chitosan often forms by hot alkali deacetylation of chitin. The
release of acetyl groups typically leads to the decreased crystallinity and
acidic dissolution of chitosan. These features make soft chitosan mac-
romolecules less thermal stable and more easily to be decomposed to
smaller intermediates that could convert to carbonized nanodots by
hydrothermal liquid crystal transfer carbonization. Conversely, the
robust rod-shaped chitin nanocrystals were formed from the selective
removal of amorphous regions in natural chitin nanofibrils by acid hy-
drolysis. This reaction allows to obtain the highly crystalline chitin
nanorods that likely do not dissolve in acidic media, but disperse in
water. The additional experiment convinces that the high crystallinity
and mechanical rigidity of the chitin nanorods are key to increase their
thermal and chemical stability, thus being the shape integrity of the
carbonized nanorods. We also performed the hydrothermal two-phase
transfer of cellulose liquid crystals under the same reaction conditions,
but the resultant sample obtained at the very lower concentration and
showed poor photoluminescent color. These results might be due to
weak interactions between cellulose nanocrystals and oleic acid and the
absence of nitrogen doping in the cellulose-derived carbon
nanoparticles.

It is worthy to mention that the new carbon nanorods possess the
nature of the amorphous graphite, but they are non-black in color. The
appearance of the light brown colors in the colloidal dispersion may be
related to the nanoscale size, monodispersity, and colloidal stability of
the oleic acid-capped carbon nanorods. Taking advantages of the solid-
liquid phase transfer approach, these hydrophobic carbonized nanorods
hold promise as targets for the design of functional materials for useful
applications [69]. The hydrophobic surface may allow the carbonized
nanorods functional as catalyst supports to access non-polar solvents in
order to perform catalytic reactions of organic compounds in the organic
synthesis chemistry [70]. The colloidal monodispersity may enable to
couple the carbonized nanorods with secondary nanoparticles by surface
attachment to create functionalities [71,72]. Moreover, the photo-
luminescent carbon nanorod dispersion could be a novel solution for
optical coating in solid-state materials to exploit its optoelectronic
property for sensing applications. Evidently, we designed colorful light
emitting glasses from the evaporation-induced self-assembly of the oleic
acid-stabilized carbon nanorod colloids on a silica substrate (Fig. 6g).

4. Conclusions

In summary, the biomimetic conversion of twisted Bouligand struc-
ture and the role of carbon in chitin nanofibrils in abundantly discarded
crab shells have been inspired to make new types of sustainable opto-
electronic carbon-based nanostructures. Chitin in the originally miner-
alized crab shell was carbonized to yield helical mesoporous carbon
replica that homogeneously decorated with cobalt oxide nanoparticles
to show their electrochemical supercapacitance, and could potentially
extend to electrocatalysis and gas sensing as well. Beyond structural
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mimicry, colloidal chemistry of hydrophobic carbon nanorods with
photoluminescent emission was exploited from chitin liquid crystals
derived from crab shell. Oleic acid-stabilized carbonaceous nanorods
can be formed by hydrothermal phase transfer of chitin liquid crystals in
water into toluene in the assistance of oleic acid as a phase transferring
agent and a capping agent. It surprised to find that the hydrothermal
phase transfer carbonization of amphiphilic chitin nanorods structurally
preserves their anisotropic shape and nanoscale size to generate hy-
drophobic carbon rod-shaped nanoparticles with brilliant green lumi-
nescent emission. Our inspiration shows the first experiment of
anisotropic chitin LC-to-carbon conversion based on two-phase transfer
system, and consequently forming a new type of hydrophobic carbon
nanorod colloids with optical response. The hydrophobicity, anisotropy,
monodispersity, and photoluminescence endow the sustainable chitin
liquid crystal-derived carbonaceous nanomaterials with unique features
of surface functionalization and layer coating for applications in pho-
tocatalysis, optical sensing, and nano-colloidal coating.
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