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Foam materials are widely used in packaging and buildings for thermal insu-
lation, sound absorption, shock absorption, and other functions. They are
dominated by petroleum-based plastics, most of which, however, are not
biodegradable nor fire-proofing, leading to severe plastic pollution and safety
concerns. Here, a fire-proofing, thermally insulating, recyclable 3D graphite-
cellulose nanofiber (G-CNF) foam fabricated from resource-abundant graphite
and cellulose is reported. A freeze-drying-free and scalable ionic crosslinking
method is developed to fabricate Cu?* ionic crosslinked G-CNF (Cu-G-CNF) foam
with a low energy consumption and cost. Moreover, the direct foam formation
strategy enables local foam manufacturing to fulfil the local demand. The ionic
crosslinked G-CNF foam demonstrates excellent water stability (the foam can
maintain mechanical robustness even in wet state and recover after being dried
in air without deformation), fire resistance (41.7 kW m=2 vs 214.3kW m~2in the

plastics such as polystyrene (PS), poly-
urethane (PU), and polyvinyl chloride
(PVC).B191 These petroleum-based plastics
are usually environmentally unfriendly,
of high-energy consumption, and unde-
gradable in the processes of synthesis,
molding and disposal, leading to severe
environmental issues.""3] Fire safety
is another concern regarding the use of
these petroleum-based foam materials due
to their poor fire resistance. Therefore,
developing fire-resistant, shock absorbing,
recyclable, and degradable foam materials
is in urgent need toward a sustainable
society.

Being environmentally friendly and

peak value of heat release rate) and a low thermal conductivity (0.05 W/(mK)),
without compromising the recyclability, degradability, and mechanical
performance of the composite foam. The demonstrated 3D G-CNF foam can
potentially replace the commercial plastic-based foam materials, representing a

sustainable solution against the “white pollution”.

1. Introduction

Foam materials are in great demand (=400 million tons per year)
in modern society, which are widely used in food, electronics,
transportation, and building industries for shock absorption,
storage, sound absorption, and thermal insulation.””) However,
most commercial foam materials are made of petroleum-based

resource-abundant, natural products from
the nature provide a potentially sustain-
able solution as the alternatives to petro-
leum-based plastics.'71 For example,
bio-sourced materials, including cel-
lulose,™® alginate,"! starch,?% and chi-
tosan,?!l have been developed into foam
materials with potentially better sustain-
ability than the petrochemical counterparts. In particular, cel-
lulose, as the most abundant natural biopolymer on Earth, is
considered one of the most promising sustainable resources,
and has been widely used in a range of applications including
energy storage, electronics, structural materials, and sen-
sors.[22-26] While it remains challenging to assemble cellulose
into hybrid structures combining good water stability, fire
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retardancy, and thermal insulation, which are required in many
applications. Graphite, although being nonrenewable, which
can be produced from coal formed underground and is widely
used to produce graphene or as anode materials in recharge-
able lithium-ion Dbatteries, has also been regarded abundant
natural resource.”’-% In addition, graphite is an allotrope of
carbon, and it is naturally formed and found in earth that par-
ticipates in the carbon cycle, which can be recycled to realize
the closed-loop utilization of graphite resources. Processing
natural resources into foam materials enables fabrication of
environmentally-responsible materials. However, the manu-
facture of foam materials via freeze-drying method generally
involves the expensive facilities and intensive energy consump-
tion.?Y Therefore, developing biodegradable foam materials
from resource-abundant natural materials through an energy-
efficient freeze-drying-free approach is highly required.

Herein, we demonstrate the scalable, freeze-drying-free fab-
rication of a 3D graphite-cellulose nanofiber (G-CNF) foam as
a new generation of recyclable, degradable, fire-proofing, and
thermally insulating foam material via an ionic crosslinking
assisted ambient drying strategy (Figure 1).3%3% Graphite flakes
can be exfoliated in aqueous environment using only CNF as
the dispersing agent. The resulting suspension is stable for a
long duration of time (>6 months) and features high viscosity
and shear-thinning behavior, which enables it to be processed
facilely. To reduce the cost and enable scale-up manufacturing
by avoiding using freeze-drying method, we developed a direct
foam formation strategy via ionic crosslinking (Figure 1la).
The adjacent cellulose chains can be crosslinked by Cu?*
ions through electrostatic interaction, which contributes to
3D ionic crosslinking networks among cellulose nanofibers
(Figure 1b). Therefore, the wet G-CNF foams can self-stand
and be dried at ambient conditions with minimum shrinkage.
As the energy-intensive freeze-drying process is avoided, the
manufacturing cost is substantially reduced, and scaling-up
capability is greatly improved (Figure 1c,d). In addition, the
Cu?" crosslinked G-CNF (referred to as Cu-G-CNF hereafter)
foams demonstrated excellent water stability, fire resistance
and thermal insulation, without compromising the recyclability,
degradability, and mechanical performance of the composite
foam. Such a process can be potentially scaled up by adapting
the mature techniques from pulp and foam industries. In addi-
tion, the direct foam formation approach holds great promise
to produce G-CNF foams on-demand locally (where the foam
will be used), avoiding the long-distance transportation of final
foam product (Figure 1e). Note that cellulose can be reused or
naturally decomposed into glucose via enzyme-assisted hydrol-
ysis,?#3] while the chemically inert graphite can be recycled
and go back to the carbon cycle, which is naturally environmen-
tally friendly,***” in sharp comparison with the non-degradable
petroleum-based plastics.

2. Results and Discussions

2.1. Scalable Fabrication and Hierarchical Structure

Graphite-CNF slurry was first prepared for direct foam for-
mation via ionic crosslinking. The CNF made from waste
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plant biomass is mixed with graphite flakes in water by soni-
cation treatment. The sonication treatment helps accelerate
the insertion of CNF into graphite and promotes the exfolia-
tion of bulk graphite powders into smaller and thinner flakes
(Figure S1, Supporting Information). The initial as-prepared
graphite-CNF slurry is a fluid with tunable solid concentra-
tions of 2 to 30 wt.%. The cellulose-graphite slurry is stirred
with sodium dodecyl sulfate (SDS) at 2000 rpm to generate
quantities of stable air bubbles. Then the slurry full of bub-
bles is immersed in the Cu?* ions solution together with mold
and forms self-supporting wet foams. Negative-charged cel-
lulose chains are exposed in Cu?" ions solution, the adjacent
two cellulose chains can be crosslinked by Cu?* ions through
electrostatic attraction, contributing to 3D ionic crosslinking
networks among cellulose chains. Therefore, the cellulose
chains are locked, and the aqueous cellulose-graphite foams
can self-stand. Due to the 3D ionic crosslinking networks, the
Cu?* crosslinked G-CNF (Cu-G-CNF) foams can be obtained
by air drying. By avoiding the freeze-drying process, the
manufacturing cost can be largely reduced and the scaling-
up capability greatly improved. As shown in Figure 1c,d, large
scale slurry (up to several gallons) and foam (60 cm X 20 cm x
5 cm in size) can be readily manufactured via the direct foam
formation method.

The lightweight Cu-G-CNF foam with a density of
0.040 £ 0.005 g cm™> possesses a porous and hierarchical
structure (Figure 2a). At the molecular-scale, CNF attaches
to the graphite flakes through the interaction between its
hydrophobic sites and the hydrophobic plane of the graphite,
as well as hydrogen bonding between the CNF hydroxyl
groups and the defective edges of the graphite flakes. At the
nano-scale the CNFs are well aligned; the CNF fibers are ter-
minated with functional groups such as —OH and —COOH.
These hydrophilic functional groups cause the graphite
flakes to disperse well in water due to the electrostatic repul-
sion forces between different flakes. At the micro-scale the
microfibers are compactly intertwined; At the macro-scale,
the CNF-coated graphite flakes form a 3D structure. SEM
observation of a piece of the dry Cu-G-CNF foam revealed
a homogeneous interior porous structure, with an average
pore size of =200 um (Figure 2b; Figure S2a,b, Supporting
Information) and thin cell walls with a thickness of 1-2 um
(Figure 2¢; Figure S2¢,d, Supporting Information). Copper
element distributed uniformly in all outer and inner pore
walls of the Cu-G-CNF foam through the energy-dispersive
X-ray (EDX) spectrum (Figure 2d; Figure S3, Supporting
Information). And the slight decrease and offset of —COO~
peak (1604 cm™) in FT-IR spectra suggests that the bonding
between Cu®* and -COO™ on cellulose nanofibers are formed
by electrostatic attraction, contributing to a porous yet robust
structure (Figure 2e).

In order to explain the formation process of hydrogen
bonding among graphite and CNF, the full molecular
dynamics simulations using the ReaxFF potentiall®®l are
implemented in the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) simulation package.?”) Same
with the experimental conditions, the mass ratio of graphite
and cellulose is set as 1:1. The further details of the simu-
lation are illustrated in the atomistic modeling (Figure 2f—i;
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Figure 1. In situ, large-scale production of Cu-G-CNF foams via a freeze-drying-free ionic crosslinking method. a,b) Schematic to show the fabrication
process of Cu-G-CNF foam by Cu?* ionic crosslinking. c) Large-volume G-CNF slurries produced by sonication, one gallon per bottle. d) A large scale
(60 cm x 30 cm x 5 cm) G-CNF foam after air dry. e) The schematic to show the potential application of in situ, large-scale production. The direct foam
formation approach via ionic crosslinking treatment holds great promise to produce G-CNF foams on-demand locally (where the foam will be used),

avoiding the long-distance transportation of final foam product.

Figure S4, Supporting Information). Figure 2f,g shows the
atomistic structures of graphite foam (G foam) and G-CNF
foam constructed with graphite flakes. The inter-flake inter-
actions of graphite flakes are Van der Waals forces and
there exists a large amount of hydroxyl groups in the edges
of flakes. In the formation of G foam, only part of hydroxyl
groups can form the hydrogen bonds due to the orientation
of graphite flakes (Figure 2h upper). In contrast, cellulose
chains wrap around the graphite flakes (Figure 2h bottom).
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Such a hybrid material structure significantly promotes
hydrogen bonding formation (Figure 2i), which in turn facil-
itates the formation of foams. To investigate the dependence
of the thickness of graphite flakes, the formation process
of foams with three and five graphene layers is constructed
(Figure S4, Supporting Information). The stability of foams
has a negative relationship with the thickness of graphite
flakes, which means the thinner the graphite flake is, the
more stable the foam is.
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Figure 2. The scalable manufacture of G-CNF foam by Cu?" ionic crosslinking. a) Hierarchical structure of the Cu?* crosslinked G-CNF foam at various
length scales. b) SEM image of the microstructure of the Cu-G-CNF foam. ¢) High-magnification SEM image of the Cu-G-CNF foam. d) EDX elemental
map of copper in the Cu-G-CNF foam shown in (c). e) The FT-IR spectrum of the CNF, G-CNF, and CuG-CNF foams. Atomistic simulations of the
interactions between graphite flakes and cellulose: f) Atomistic structure of G foam constructed with three layers of graphene; g) Atomistic structure
of G-CNF foam constructed with three layers of graphene and cellulose molecular chains. Brown and Green atoms represent the graphite flakes and
cellulose molecular chains, respectively; h) Interaction between graphite flakes and cellulose molecular chains; i) Variation of hydrogen bonding energy
as the function of time in the formation process of foam with and without cellulose. The hydrogen bonding energy increases more than ten times after

adding the CNF matrix.

2.2. Mechanical Properties

Such a porous and hierarchical structure is desirable for
load bearing and shock energy absorption, which are crit-
ical for packaging and building applications as well. In this
context, we further evaluated the compressive and shock
energy absorption mechanical properties of the G-CNF and
Cu-G-CNF foams and compared them with pure CNF and
commercial PS foam. As shown in Figure S5 (Supporting
Information), the G-CNF foam showed a higher compres-
sive strength (2.2 MPa) than the commercial plastic PS foam
(1.11 MPa). The crosslinked Cu-G-CNF foam showed a com-
parable compressive strength with the plastic PS foam. The
hydrogen bonding between the graphite and CNF offers the
high compressive strength, while there is the weak connection
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among the PS microspheres of the commercial plastic PS
foam.

A home-made drop tower was used in order to test different
materials during impact and evaluate their energy absorbing
performance (see Supporting Information for details). Five
groups of specimens, namely, aluminum, PS foam, CNF-
foam, G-CNF-foam, and Cu-G-CNF-foam, were tested using
the configuration shown in Figure 3a, of which the velocity
of each component was derived from the slope of the linear
time-displacement relation recorded by a high speed camera
(Figure 3c; Figure S6, Supporting Information). The aver-
aged energy absorbed by four types of foams are listed in
Figure 3b and Table S1 (Supporting Information). The G-CNF
foam shows higher shock absorption energy than pure CNF
foam and PS foam. Further ionic crosslinking leads to higher
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Figure 3. Kinetic Energy Absorption of PS foam, CNF foam, G-CNF foam, and Cu-G-CNF foam. a) Photograph of the drop tower assembly with multiple
components including a solid frame, a top plate, a bottom plate, a Styrofoam cushion, and below that a rigid tower bottom plate. b) Kinetic Energy
Absorption of PS foam, CNF foam, G-CNF foam, and Cu-G-CNF foam. c) Photographs captured by high-speed camera during the tests.

shock absorption energy of =10 J. These results suggest that
the hybridization of large-sized graphite flakes and the ionic
crosslinking both contribute to the improvement of mechanical
shock absorption of the graphite-CNF composite foam.

2.3. Fire Retardancy and Thermal Property

Fire safety is a critical property for foam materials, which has
been a long-standing challenge for traditional foam materials
like PS.#04 The fire-retardant behavior of the PS foam, CNF
foam, graphite-CNF foam, and Cu-G-CNF foam was further
assessed with the vertical burning test (UL-94), as shown in
Figure 4a—d. It was observed that both PS and CNF foams can
be easily ignited, and the flame spreads rapidly to the top of
the sample within 10 s. Finally, the whole samples of PS and
CNF foams were ruined with little char residue left. For the
G-CNF foam, the flame extinguished when the burner source
was removed, indicating that the existence of the graphite in
the G-CNF foam retarded the flame burning on the CNF. How-
ever, the smoldering phenomena occurred that burned out the
sample finally. By contrast, the Cu-G-CNF foam exhibited excel-
lent flame retardancy and the flame extinguished immediately
when the burner source was removed. The above results proved
that Cu-G-CNF foam displayed superior fire-retardant proper-
ties, which was mainly originated from the synergistic effect
between graphite and Cu?" during the combustion process.

To examine the fire-retardant behavior of the Cu-G-CNF
foam more quantitatively, cone calorimeter test (CCT) was per-
formed. Figure 4e depicted the heat release rate (HRR) and
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total heat release (THR) curves as a function of time from foam
samples, and the corresponding results (THR, peak value of
HRR (HRR,e.i)) were also displayed in Figure S7 (Supporting
Information). It is generally known that HRR value (especially
HRReqi) is an important parameter that can be served as the
main indicator of the fire-safety properties of materials. It was
observed that HRR;e of PS foam was up to 214.3 kW m~2.
For the CNF foam, HRR,, decreases to 121.6 kW m~2, cor-
responding to a 43.3% reduction in contrast to that of the
PS foam. The G-CNF foam exhibited a further reduction in
HRRyeq to 69.4 kW m™2, since graphite played an important
role in physical barrier effect. The Cu-G-CNF foam showed the
lowest HRRci value (41.7 kW m™?), corresponding to an 80.5%
reduction in contrast to that of the PS foam, which confirmed
the excellent flame retardant effect (Figure 4f). It is notable
that the earlier heat release of CNF series foams is ascribed to
the early decomposition of unstable structure (i.e., glycosidic
bond) in CNF.?#I Similarly, the reduction in THR for Cu-
G-CNF foam is up to 61.0% compared with that of PS foam
(2.96 MJ] m™ vs.759 M]J m™). The significantly reduced THR
of the Cu-G-CNF foam indicated the lower heat generated from
the combustion of flammable volatiles escaped from the foam
samples.

The above results clearly verified that the synergistic effect
between graphite and Cu?* endowed the Cu-G-CNF foam with
excellent fire-retardant properties. The existence of the ther-
mally stable graphite effectively enhanced the thermal stability
of Cu-G-CNF foam, thus contributing to the improved fire
retardancy of the foam material. = Moreover, the graphite in
Cu-G-CNF foam can also serve as the char former to facilitate

© 2022 Wiley-VCH GmbH
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Figure 4. Fire retardancy and thermal property of the Cu-G-CNF foam. The digital images of the vertical burning test on the a) PS, b) CNF, c) G-CNF,
and d) Cu-G-CNF foams. e) HHR versus time, f) HRR,; values of PS, CNF, G-CNF, and Cu-G-CNF foams.

the formation of dense char layer upon burning. In addition,
the Cu?* in Cu-G-CNF is able to catalyze the formation of com-
pact char in the combustion process, and the stable char layer
serves as a barrier between air and the cellulose interior, which
further decreased the release of gaseous products of Cu-G-CNF
foam.[*8] Therefore, the effective synergistic effect of graphite
and Cu?" enabled the superior flame retardancy of Cu-G-CNF
foam. In brief, the Cu-G-CNF foam demonstrates the best
safety against fire among all tested foams.

The Cu-G-CNF foam demonstrates a low thermal conduc-
tivity of 0.05 W m™ K (Figures S8 and S9, and Table S2,
Supporting Information), which attributes to its high porosity
structures (=97%) and tortuous solid conduction path. Since the
pore size (100-500 um) is much <4 mm, air convection inside
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the pores is completely suppressed.*”) The measured thermal
conductivity is slightly higher than the conventional petroleum-
based insulation materials such as expanded polystyrene, which
is reasonable given its high graphite content of =50 wt.%. The
combination of high mechanical strength, good fire retardancy
and low thermal conductivity positions the Cu-G-CNF foam as
a promising candidate for the replacement of petroleum-based
foam materials.

2.4. Water Stability, Recyclability, and Degradability

The stability against moisture and water is another key factor
for green and sustainable foam materials. Both CNF and
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Figure 5. The demonstration of the water stability, recyclability, and degradability of the Cu-G-CNF foam. Water stability of the CNF (left), G-CNF
(middle), and Cu-G-CNF (right) foams: Shape retain ability in water, photographs of the foams in a) fully wetted state, and b) after drying. The CNF
foam and G-CNF foam shrink significantly, while the Cu-G-CNF foam can retain its shape well. c) Photographs of the CNF foam (left), G-CNF foam
(middle), and Cu-G-CNF foam (right) soaked in water. d) Behaviors after compression. CNF and G-CNF foams were easily damaged under the same
pressure (the poise is 500 g); on the contrary, crosslinked G-CNF foam kept its 3D structure. e) The recyclability of the Cu-G-CNF foam. f) The degra-

dability of the PS, CNF, graphite-CNF, and Cu-G-CNF foams.

G-CNF foams demonstrated inferior performance due to the
hydrophilic and water absorbing nature of cellulose without
crosslinking. As CNF features abundant oxygenated functional
groups, the fibers have a strong tendency to absorb water and
swell. Swelling occurs as water wets the CNF surfaces and con-
tinues to fill and create more space between the fibers. The
swollen CNF and G-CNF foams tended to shrink during drying
(Figure 5a,b). The Cu?" crosslinking strategy can significantly
improve the water stability of the graphite-cellulose foam. On
the one hand, the crosslinked graphite-cellulose foam can not
only maintain the structure unchanged when immersed in
water, but also the mechanical strength. On the other hand,
after drying in air, no structural deformation (e.g., shrinkage)
was observed, suggesting its excellent structural stability upon
water removal (e.g., after being exposed to water and dried nat-
urally in air, see Figure 5a,b). In addition, the Cu?* crosslinked
G-CNF foam shows another advantage of being able to sustain
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certain compressive loading even at fully wet state due to the
3D strong ionic crosslinked network (Figure 5c,d), which is an
additional benefit for foam material application (that is, even
being wet, the foam material can remain functional). The above
results suggest that the water stability of our graphite-cellulose
foam material is much better than pure cellulose foam bene-
fiting from the graphite hybridization and ionic crosslinking.
And the combination of low water absorption/swelling degree,
good recovery after being dried, and excellent retention of
mechanical strength even at wet state confirms that water sta-
bility should not be an issue for our graphite-cellulose foam
material. The G-CNF and Cu-G-CNF foams are stable under
moisture attack (Figures S10 and S11, Supporting Information).
For example, after being exposed to 98% RH for 166 h, the
change in dimensions of the CNF foam, G-CNF foam, and Cu?*
crosslinked G-CNF foam is modest (<3% increase in thickness)
(Figure S10a—c, Supporting Information). The G-CNF foam
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without cross-linking absorbed 14% water after 166 h, whereas
the CNF foam absorbed 19% water within the same time period
(Figure S10d, Supporting Information). The Cu?" crosslinked
G-CNF foam absorbed =65% water due to the hygroscopic of
residual copper salt on the surface. More attractively, the Cu-G-
CNF foam demonstrated outstanding stability in both acid and
alkaline solution, presenting great potential to diverse appli-
cation of the foam material (Figures S12 and S13, Supporting
Information).

We also demonstrated the recyclability and degradability
of Cu-G-CNF foam and crosslinked G-CNF foam materials.
Currently, the recycling method of waste PS foam is to crush,
melt, and then process it into new PS materials. However, for
the above recycling method, the raw materials are not com-
pletely crushed, the melting temperature is not controlled uni-
formly, and the impurities mixed in the raw materials cannot
be avoided, which leads to relatively low production efficiency
and equipment damage due to the existence of impurities.
Thus, a new recycling method is imminent. In this work,
the Cu-G-CNF foams can be back to slurry through the acid
and alkali treatment to remove the Cu?" ions and reconstruct
uniform slurry (Figure 5e). For CNF and G-CNF foams, uni-
form dispersion slurries of CNF and graphite-CNF can be
obtained through the fast re-dispersion of the used CNF and
G-CNF foam in water in seconds under stirring. The recy-
cled CNF and graphite-CNF slurry can be used to fabricate
CNF and G-CNF foams, enabling a closed cycle of repeating
use. The CNF and G-CNF foams can also be converted into
a new foam with new designed shape and size for another
propose via the re-dissolving and re-printing process. For Cu-
G-CNF, the graphite-CNF slurry can be easily and completely
reused for direct foam formation via ionic crosslinking. The
recycled Cu-G-CNF foam delivered a compressive stress
(0.485 MPa), comparable to the original Cu-G-CNF foam and
PS foam (Figure S14, Supporting Information). The recy-
cled Cu-G-CNF foam presented similar thermal conductivity
(0.061 W m™! k1), and density (0.040 + 0.005 g cm~3) to the
original foam. These results indicated good recyclability of the
Cu-G-CNF foam, realizing closed-loop material recycling with
economic feasibility.

The degradation properties of the graphite-cellulose foams
were evaluated by outdoor exposure to the natural ambient
environment and fungi degradation. The PS foam, CNF
foam, G-CNF foam, and Cu-G-CNF foam with similar volume
were placed on the lawn in natural ambient environment
(Figure 5f). After 60 days, the volume of CNF foam, G-CNF
foam and Cu-G-CNF foam reduced obviously, while the com-
mercial plastic foam keeps unchanged. The CNF foam and
G-CNF foam continued shrinking and disappeared after
180 days, suggesting an excellent degradability without adding
harm to the environment. Of note, during biodegradation of
the Cu-G-CNF foam, copper may be released to the environ-
ment, possibly leading to potential harm to the environment
and human health. The biodegradation behavior, especially
the potential copper releasing and its harm to the environ-
ment and human bodies needs further investigation. In sharp
contrast, the commercial plastic PS foam maintained the orig-
inal shape, barely indicating any appreciable degradability. For
fungi degradation test, two wood decay fungi, Postia placenta
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(Fr.) M.Lars and Lomb. (MAD 698) and Phanerochaete chrys-
osporium (ME 461), and a mixed mold fungi composed of
Aspergillus niger 2.242, Penicillin chrysogenum PHO02 and
Trichoderma atraviride ATCC 20476 were tested on four
types of foams made from pure CNF, composite of graphite
and CNF (G-CNF), composite of Cu* crosslinked graphite
and CNF (Cu-G-CNF), and PS (See Experimental Section for
details about fungi preparation). The foams samples were
cut into 1 inch cubic and tested using the fungi for 12 weeks
period. Table S3 (Supporting Information) summarizes the
average weight loss percentage of each sample with standard
deviation. Among the tested four types of foam samples (i.e.,
CNF, G-CNF, Cu-G-CNF, and PS), Cu-G-CNF demonstrated
the highest weight loss, suggesting excellent fungi degrada-
tion capability of this sample.

3. Conclusion

In conclusion, we develop a lightweight, robust, water-stable,
recyclable, and degradable 3D graphite-cellulose foam mate-
rial via a freeze-drying-free ionic crosslinking method. The
G-CNF slurry maintains high apparent viscosity as well as good
storage and loss moduli stability, which enable the direct mold-
forming production of 3D foam products. Owing to the elec-
trostatic interaction between Cu®* ions and negatively-charged
cellulose, 3D crosslinking network of interconnected cellulose
chains with open microcellular structure are established. The
Cu?* crosslinked G-CNF scaffold can form free-standing porous
structures and prevent from collapsing without any stabiliza-
tion options during air drying. A large-scale (60 cm x 30 cm X
5 cm) Cu-G-CNF foam can be readily manufactured through
the direct foam formation method. Moreover, the synergistic
effect between Cu?* and graphite endowed Cu-G-CNF foam
composites with high flame-retardant properties and long-term
water stability, suggesting a better safety. Due to the reversible
bonding mechanism (i.e., hydrogen bonding) in the Cu-G-CNF
composite, an excellent degradability and recyclability can be
achieved. In addition, the graphite-cellulose foam demonstrates
better shock energy absorption capability than the commercial
PS foam and excellent thermal insulation (with a low thermal
conductivity of 0.05 W m™ K™!), mainly owning to its porous,
3D ionic crosslinked network structure. The low-cost, efficient,
and scalable method can also be extended to the local manu-
facturing of graphite-cellulose foams on islands or in remote
areas, which can be considered a promising alternative for
large-scale production of foam materials. Our strategy of com-
bining resource-abundant and cost-effective materials (i.e.,
graphite and cellulose) through reversible hydrogen bonding
represents a promising direction for developing recyclable and
degradable foam materials.

4. Experimental Section

Graphite/CNF Slurry Preparation: The cellulose nanofiber (CNF) was
prepared from the wood pulp via TEMPO-mediated oxidation method
according to the previous report.’% The graphite flakes were purchased
from the Asbury Carbons, co Ltd. and used without any treatment. The
graphite was mixed with the CNF dispersion with the weight ratio of
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1:1 under sonication by ultrasonic cell disruptor for 1 h to obtain the
uniform slurry with the concentration of 2 wt.%.

The graphite/CNF slurries with differential concentration of 4, 8, 10,
20, and 30 wt.% were prepared through evaporating different amount of
solvent (water) on hot plate with continuously stirring.

Fabrication Process of Graphite-Cellulose Foams by lonic Crosslinking:
Sodium dodecyl sulfate (SDS) (Sigma-Aldrich, >99.0%) and copper
(1) chloride (CuCly) (Sigma-Aldrich, >99.0%) were used to form
stable bubbles and ionic crosslinking respectively. The SDS was
added into the graphite-cellulose slurry and stirred with 2000 rpm
for almost 5 min until no more bubbles were generated. Then the
graphite-cellulose slurry full of air bubbles was immersed into CuCl,
solution (0.05 mol L™ for molding and crosslinking. Finally, the wet
cellulose-graphite foams were removed from the CuCl, solution and
dry in air. The content of Cu in the final Cu-G-CNF foam was 2.28%
by an investigation of inductively coupled plasma mass spectrometry
(ICP-MS).

Characterizations: A scanning electron microscope (Hitachi SU-70)
was used to characterize the morphologies and the structures of the
G-CNF foam. A Thermo Nicolet NEXUS 670 FT-IR was used to measure
the FT-IR spectrums of CNF and G-CNF.

Mechanical Properties Test: A single column tabletop model testing
system (Instron, USA) was used to perform the tensile mechanical
tests of G-CNF foam and Plastic foam. The mechanical compression
tests were performed using RSA Il dynamic mechanical analyzer (TA
instrument) at a constant loading speed of 4 mm min. The sample was
cut into cube with a length of 10 mm by a razor blade. All samples were
tested under the same conditions in ambient environment.

Drop Tower Test: A drop tower was used in order to test different
materials during impact and evaluate their energy absorbing
performance. The drop tower consists of a solid frame that
accommodates a guiding rod for the drop weight, a top plate which gets
directly impacted by the drop weight, a bottom plate, below the bottom
plate a Styrofoam cushion, and below that a rigid tower bottom plate.
All tests were performed, using an identical test procedure. A 6.724 kg
drop weight was dropped from a height of 30 cm for impacting the top
plate of the dimensions (D x H) 150 mm x 70 mm. The aluminum plate
had a mass of 2.31 kg. Below the top plate, the specimen of interest was
placed and centered between the top plate and the bottom plate. The
specimens were of the dimension (L x W x H) of 50 mm x 50 mm x
10 mm. The specimens used were made out of aluminum (as reference
to calculate the energy dissipation in the whole system), PS foam,
CNF-foam, G-CNF-foam, and Cu-G-CNF-foam. Each type of specimen
was tested twice. The bottom plate was made out of steel and had the
mass of 15.03 kg. The Styrofoam plate between the bottom plate and
the ridged tower body plate was used as an impedance mismatch
for sensors utilized and performed as a security device in case of
overloading the plates.

Stability Test against Moisture: The CNF foam, G-CNF foam, and
Cu-G-CNF foam with dimensions of =40 mm length by 30 mm width by
15 mm thickness were prepared. The samples were put into the humidity
chamber (LHS-150HC-II, set to 25 °C, 98% RH) and measured at regular
intervals. The dimensions of the samples after various intervals in the
humidity chamber were recorded.

Fire-Retardant Properties: A vertical burning test was conducted on a
UL-94 flammability meter (Fire Testing Technology Co. Ltd., UK) (sheet
dimension was 130 X 13 x 3.2 mm?®) according to ASTM D3801-10.

The combustion behavior of foam samples (sheet dimension
was 100 X 100 X 5.0 mm?) were evaluated by cone calorimetry (Fire
Testing technology, FTT, UK) according to 1SO5660 (external heat
flux = 35 kW m~2). The measurement for each sample was repeated in
triplicate.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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