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Microstructure transcription of opalescent beetles into functional
carbon “bugs” via poly(ionic liquid)-assisted carbonization was
reported. The presence of a thin coating layer of PIL bearing a
dicyanamide anion was found to provide the most precise micro-
structure preservation even under aerobic combustion conditions.

Natural products are not only renewable, large quantity resources to
sustain our society in multiple fashions, but they also possess
highly complex hierarchical microarchitectures that inspire and
motivate materials scientists to understand their superior struc-
ture-property-function relationships. Such knowledge can then be
applied in designing bio-inspired and bio-mimetic systems with
enhanced characteristics and performances.'* More specifically,
carbon materials have attracted tremendous interest recently,
especially in the field of energy generation, storage and conversion.
Carbon synthesis in cultural history started as a sustainable
production from renewable natural raw materials, such as biomass,
mostly plant and animal wastes, but this is also highly appreciated
in actual science.*” For example, hydrothermal carbonization
(HTC) enables the large-scale production of carbonaceous materials
under relatively mild conditions in water.**° Besides HTC, physical
and/or chemical activation is among the popular methods to
convert biomass to porous carbons.*'*"" Natural cellulose and
chitin are the most abundant polysaccharides in the world, and
both already widely used as carbon precursors.””**

Structural preservation of the hierarchical biological
morphology via carbonization is a convenient approach to
lever on the optimized, existing structures with great simplicity,
but these approaches are just at their beginning. MacLachlan
et al. recently reported the synthesis of layer-structured nitrogen-
doped carbon material via carbonization of nanocrystalline
chitin/silica composite. The nematic liquid-crystalline chitin was
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first obtained by sequential deacetylation and hydrolysis of the
fibrils of king crab shell, which was encapsulated in sol-gel silica
and finally carbonized at high temperature.” In another example,
iron acetate was infiltrated into a leaf and further pyrolyzed at
700 °C. The as-obtained replica, the inorganic “leaf”, kept the
microscale leaf skeleton framework but was in addition magnetic
and electrochemically active."® These examples pointed out,
besides the transformation of biomass to functional materials,
the possibility to preserve the fine, even artistic structural
features of biological systems via carbonization, forming a type of
“petrified” carbon fossil.

It is the purpose of this paper to show that a new class of
charged polymers, poly(ionic liquid)s or polymerized ionic
liquids (PILs), can stimulate such a carbonization process and
enables preservation even of finest details of the original bio-
template. PILs in general are intensively studied currently
because of their unusual characteristics, such as high structural
density of the ionic liquid (IL) species, surface activity and high
thermal and electrochemical stability.””® The presence of
heteroatoms in their molecular structure (such as N, S, P and B)
and the broad structural tuneability makes PILs a versatile
precursor for (graphitic) heteroatom-doped carbons with
enhanced conductivity, basicity and oxidation-resistance, and
opens up a wide application spectrum in catalytic and electro-
chemical fields.** In spite of their high stability, PILs have
already been reported to act as an activation agent to convert
natural products into porous carbons. For instance, adding a
small fraction of PILs throughout an HTC process on biomass
could increase the specific surface area and the carbonization
yield.*” Closer to the present work, when PIL was blended with
cellulose filter papers or natural cotton, it was possible to obtain
shaped, mechanically flexible, fire-retardant, porous nitrogen-
doped carbons via pyrolysis under nitrogen due to a favourable
reaction of the PIL with the sugar units in these biomass
sources.*

Bearing in mind the “carbon fossil” concept, we herein
report how PILs can help replicate even more complex and
delicate micro-structures, here exemplified with a chitin-based

This journal is © The Royal Society of Chemistry 2015
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biological species, more specifically a Hoplia coerulea beetle (a
collected death species). This beetle was chosen as its scales
show structural, photonic colour, while its (subtle and delicate)
tentacles and legs allow judging the details of replication and
the mechanical stability of the product throughout the process
very easily. The dead beetle was surface-coated with a PIL layer
and subsequently pyrolyzed under nitrogen atmosphere; this
process is expected to generate a structure with highly improved
thermal and oxidation stability. In a typical run, the beetles
were first functionalized with PILs on their surface via in situ
free radical polymerization of the corresponding IL monomer in
dimethylformamide (DMF). After washing with pure solvent to
eliminate unanchored polymer chains, they were subsequently
converted into carbonaceous beetles at 400 °C under nitrogen.
The different counter anions of the PILs play an important role
in maintaining the structural information at microscale and
were thus systematically investigated. The final combustion test
of the carbon beetles directly in air was performed to examine
their oxidation resistance. For the sake of conciseness, the
uncoated beetles are named “Bug” while the PIL-coated ones
are named “Bug@X”, in which X denotes the counter-anion
type. Carbonized products are depicted as “CBug@X”. A
schematic representation of the entire process is reported in
Scheme 1.

Hoplia coerulea is a peculiar type of beetle characteristics of
the warm regions of France and Spain; it belongs to the Scar-
abaeidae family and was firstly described by Druri in 1773.*
Fig. 1A-F show the typical appearance of head, legs and elytra
under the scanning electron microscope and optical micro-
scope. The male species presents a brilliant coloration under
visible light, varying from violet to blue depending on the
incidence angle of the light. This spectacular coloration is due
to the presence of lamellar structured scales (or squamae,
Fig. 1E, F and H) composed of a regular stacking of chitin
multilayers, with intra-parallel rods to hold the 3D framework.
These scales are spherical disc-like, with a diameter of 50-
70 um and a thickness of around 3.5 pm. Additionally, they are
non-compact structure bearing internal voids, as shown in
Fig. 1G. The final photonic effect is thus due to the different
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Scheme 1 Schematic process representation. FRP: free radical poly-
merization, OS: oxidation stability and X: Br, DCA, TFSI.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Journal of Materials Chemistry A

refractive index between chitin (roughly 1.56) and air (1.00)
and the particular disposition of the layers. Some intensive
study has been carried out previously in order to mimic this
structural feature for applications in optical fibers and irides-
cent materials.**>®

To grow a thin PIL layer onto inner and outer surfaces of the
beetle, 1-ethyl-3-vinylimidazolium bromide as an IL was used as
the starting monomer. In a typical procedure, the monomer,
thermal initiator, and the biotemplate were mixed in DMF. This
solvent was chosen in order to dissolve eventually protective wax
sedimentations on the surface of the beetles. The polymeriza-
tion was performed at 90 °C for 24 h. During the polymerization,
the in situ generated PIL chains stuck to the surface of all bio-
logical microstructures due to the well-known high surface
activity of PILs. After polymerization, the templates were
washed with DMF several times and dried at 60 °C under
vacuum for two days. Instead of the original blue colour, the
beetles assumed a brown coloration, depicting the presence of
polymer coating on the surface, which changes the overall
refractive index (Fig. 2 top, entry B). The final content of poly-
mer on the beetles was calculated by elemental analysis on the
bromine content of Bug@Br to be 12 wt%, and its number
average molecular weight is estimated to be 55 kDa (Fig. S27).
For comparison, a control experiment was run without IL
monomer and radical initiator, which led to the scales
appearing still in the natural colour after drying, attributing
that the coloration change is due to the PIL coating.

The nature of counter-ion in PILs is well-known to affect the
overall hydrophilicity as well as the thermal cross-linking
cascades, such as triazine ring from dicyanamide (DCA) ion, or
the participation in the evolution of the pore structure, such as

legs

Fig. 1 SEM (left column) and optical microscope (right column)
images of different parts of the beetle Hoplia coerulea. From top to
bottom are images of head (A and B), legs (C and D), elytra (E and F) and
individual scales (G and H). (G) is a cross-section view of a single scale
in (H). The numbers in (H) depict the diameter and the thickness of the
scale. Scale bars: 500 pm in (A)=(F), 2 pm in (G) & 50 pm in (H).

J. Mater. Chem. A, 2015, 3, 5778-5782 | 5779
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Fig. 2 Photographs (top) and FT-IR spectra (bottom) of beetles and
PIL-coated species. (A) Bug, (B) Bug@Br, (C) Bug@DCA, (D) Bug@TFSlI
and (E) CBug. Note that each beetle represents a different experiment
on a different species.

found for bis(trifluoromethanesulfonyl)imide (TFSI).** In order
to investigate a possible anion effect, anion exchange was per-
formed in DMF to replace Br anion by DCA, and TFSI (Fig. 2 top,
entries C and D, respectively).

The successful growth of PIL on the beetle surface was
confirmed by Fourier transform infrared spectroscopy (FT-IR, in
Fig. 2 bottom). The PIL-coated species with different counter-
anions were compared with the pristine species (entry A in
Fig. 2). For all the coated beetles, the co-existence of the polymer
indicated by the IR peak at 1162 cm ™", related to the combi-
nation of C-C bending and C-N stretching modes of the imid-
azole ring.** Moreover, peaks of the cyano bond at 2145 cm ™/,
and of sulfonyl at 1200 cm™* and of trifluoride at 1050 cm™*
indicate the successful anion exchange from PIL-Br to PIL-DCA
(entry C, Fig. 2) and PIL-TFSI (entry D, Fig. 2), respectively.
Combustion elemental analysis of all these samples also
confirmed the presence of PIL polymer, which led to a slight
increase in the nitrogen content from the uncoated Bug
(10.8 wt%) to Bug@Br (11.7 wt%, the complete elemental
composition is available in Table S1t). It should be noted that
the pristine bugs have nitrogen-containing proteins, explaining
their nitrogen content. A direct evaluation of the PIL content in
the beetle sample was performed by investigating the bromine
content in the two samples of Bug and Bug@Br. The absence of
Br in case of the pure Bug is obvious, while in the case of
Bug@Br a 5 wt% content was observed. Concerning the PIL-
DCA and PIL-TFSI coated beetles, the increase in nitrogen
content was noticed, which is directly correlated to the nitrogen
atoms in the PIL molecular structure (imidazolium and counter
anion moieties). In detail, the nitrogen content in Bug@TFSI
and Bug@DCA was found to be 11.8 and 12.8 wt% respectively.
Scanning electron microscopy (SEM) was applied to visualize
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the presence of PILs on the surface of the wings. The results are
reported in Fig. 3 (entries A, E, H and K). The presence of the PIL
is detectable between the finely structured scales in SEM char-
acterization, creating a rougher and obviously smeared outer
surface topology in all PIL/Bug samples.

Thermal gravimetric analysis (TGA) of the uncoated beetle was
first performed under both oxygen and nitrogen flow (see
Fig. S11). In the first case complete decomposition was observed
at 650 °C, while heating under nitrogen led to a yield of 20 wt% at
1000 °C, however losing the main structural features of the
template. Carbonization of the original beetle and the PIL-coated
beetles were then performed under nitrogen atmosphere at
400 °C, i.e. at the end of the major mass loss in the TGA analysis,
in order to investigate the effect of PIL coating on improving the
structural stability of the bugs. The final carbon beetles eventually
all maintain similar macroscopic appearance, as shown in Fig. 2E.
The absence of PIL coating (Fig. 3B, first row) led to obvious
destruction of the characteristic lamellar stacking in which the

Carbon bugs
(400 °C, N,)

Combustion
test

Bugs at RT

\ SRR

Bug

Bug@DCA

Fig. 3 SEM characterization of intact and PIL-coated bugs (Ist
column, entries (A) and (B)—(D), respectively), carbonized bugs (2nd
column) and results of the burning test on the carbonized bugs (3rd
column). In detail: (A) Bug, (B) CBug, (C) CBug-OS (OS: oxidation
stability), (E) Bug@Br, (F) CBug@Br, (G), CBug@Br-OS, (H) Bug@TFSI, (1)
CBug@TFSI, (J) CBug@TFSI-OS, (K) Bug@DCA, (L) CBug@DCA, (M)
CBug@DCA-OS. Scale bar: 50 um except in (D) and (N) it is 2 um. (D)
and (N) are the cross-section view of single scales in (C) and (M),
respectively.

This journal is © The Royal Society of Chemistry 2015
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individual scales merge into each other, their structure is melting
and collapsing to become hard to be distinguished from each
other. Presence of PIL-Br as well as of PIL-TFSI (entries F and I in
Fig. 3 respectively) preserves the stack of scales; nevertheless the
internal feature of the scales was partially lost. The best result was
obtained in the case of CBug@DCA (Fig. 3L), where the contour of
individual scales remains visible. This influence of the counter
anions on the thermal stability of the scale structure is related
to the possibility of these DCA anions to build up cross-linking
points at elevated temperature, thus to stabilize the scale
morphology. DCA is known to undergo trimerization to form
triazine rings to reduce the structural fragmentation.

The carbon beetles were then tested under real combustion
conditions, under which the bug samples are otherwise
completely destroyed without any protection. Practically in this
experiment, the carbon beetles were immersed in ethanol for
15 minutes (the final weight was 2.7 times of the original ones)
and then burned in air. The fire temperature close to the carbon
template is in the range of 400-600 °C.** The final structure of
the fired materials was then investigated via SEM (entries C, G, ]
and M in Fig. 3). Again the best results were obtained for
CBug@DCA-OS (Fig. 3M), where in fact the specific stacking
of the scale pattern remains detectable even after the fire test.
A closer view on the internal framework of individual scales
showed fine, porous voids, similar to the original micro-
architecture (Fig. 3N). Oppositely, the template produced
without PIL (CBug-OS, entries C and D in Fig. 3) completely lost
both the fine inner morphology as well as the organization
pattern of scales. In the case of CBug@Br and CBug@TFSI, only
partial structure features of scales were preserved, such as the
individual scale outer-ring is detectable in Fig. 3G.

Compared to the scales in the elytra, the other parts of
beetles, such as legs and head, are comparably easier to keep
structurally during the carbonization, and the function of PILs
is less visible. As shown in Fig. 4, the morphology of the hair in
the head as well as that on the leg can be replicated at 400 °C in
the presence of the PIL-DCA. Such structure details were
observed also in the carbon bug without the assistance of PILs.

Fig.4 SEM images of CBug@DCA. (A) head and (C) leg. (B) and (D) are
details of the head and the leg, respectively.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 TGA measurements of different carbon bugs prepared via
carbonization of beetle samples at 400 °C. The measurements were
performed under synthetic air.

To quantify the anti-oxidation effect of PIL to preserve the
carbon beetle features, they were examined via TGA measure-
ment in air (Fig. 5). The decomposition temperature, here
defined as 10 wt% weight lost, is 340 °C for CBug, 380 °C for
CBug@Br, and 400 °C for CBug@TFSI and CBug@DCA. Thus,
the conversion chemistry induced by the PIL-coating indeed
enhanced the thermal stability. At the highest temperature
650 °C, CBug@DCA exhibited still the highest mass residue.
Especially in the temperature range from 400 to 600 °C, the
mass preservation of CBug@DCA is generally 10-20 wt% larger
than that of CBug. This is in good accordance with the above-
mentioned combustion test results, in which the CBug@DCA
best maintained its structural integrity.

Conclusions

In summary, we demonstrated the transcription of the micro-
structure of an opalescent beetle in functional carbonaceous
materials via stimulated carbonization with a layer of poly(ionic
liquid). It was found that the PIL with the dicyanamide anion
gave the most precise microstructure preservation even under
aerobic combustion conditions. With this example, we have
proven that PILs due to a synergistic effect of their high surface
activity, reaction with the carbohydrate template as well as the
resulting oxidation stability, have the potential to replicate and
preserve even complicated inherent structural motifs of bio-
logical templates on the micro- to macroscale.
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