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ABSTRACT: Conventional plastic foams are usually produced by fossil-fuel-
derived polymers, which are difficult to degrade in nature. As an alternative,
cellulose is a promising biodegradable polymer that can be used to fabricate
greener foams, yet such a process typically relies on methods (e.g., freeze-drying
and supercritical-drying) that are hardly scalable and time-consuming. Here, we
develop a fast and scalable approach to prepare cellulose—graphite foams via
rapidly cross-linking the cellulose fibrils in metal ions-containing solution
followed by ambient drying. The prepared foams exhibit low density, high
compressive strength, and excellent water stability. Moreover, the cross-linking of lonic-crosslinking
the cellulose fibrils can be triggered by various metal ions, indicating good

Ambient drying
Cellulose-graphite

process foam

universality. We further use density functional theory to reveal the cross-linking
effect of different ions, which shows good agreement with our experimental observation. Our approach presents a sustainable route
toward low-cost, environmentally friendly, and scalable foam production for a range of applications.

KEYWORDS: foam, cellulose, ion cross-linking, ambient drying, water stability

B INTRODUCTION

Because of the low density, high specific surface area, low
thermal conductivity, and high impact resistance, foam
materials are widely used for thermal insulation,"”” sound
absorption,3 energy storage,4 water treatment,5 protective
packaging,” and so on.” Most commercial foam materials are
made of fossil-fuel-based plastics or synthetic polymers, such as
polystyrene, polyvinyl chloride, and polyimide,8 which are not
biodegradable in nature and difficult to recycle. To fight the
white pollution war, plastic ban has been implemented
worldwide and growing efforts have been made for the
implementation of sustainable, eco-friendly, and biodegradable
polymers to replace the fossil-fuel-based and the synthetic
ones.”’” As the most abundant and natural polymer on
earth,""'* cellulose is a promising candidate to fulfill this goal
because of its low cost, low density, high mechanical
performance,”’_15 and natural degradability.lé_18 However,
large scale manufacturing of cellulose foam is currently limited
due to the lack of an efficient and scalable approach, especially
for the drying step.'”~>" For example, while freeze-drying has
been used for the fabrication of cellulose foam containing
nanocellular structure in many studies,”” " the specialized
equipment, long processing time (>48 h), and high energy
consumption hinders the scalability of this approach. Although
it was shown that cellulose foam with high specific surface area
can also be obtained by supercritical drying,” this method
usually involves extreme pressures and substantial use of
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chemical processing (e.g, dissolving, gelation, and solvent
exchange), impairing its practicality for large-scale produc-
tion.”® As such, it is critical to develop a facile, eflicient, and
scalable process for fabrication cellulose foam as a green
replacement of the conventional ones.

To meet this need, we develop a fast and scalable approach
to prepare cellulose—graphite foams via rapidly cross-linking
the cellulose fibrils in metal ions-containing solution followed
by ambient drying, where the graphite serves as building blocks
of the foam structure. Using this strategy, the foam can be
molded into stable shapes with uniform porous structure,
exhibiting microcellular structure (average pore size: about 200
um), low density (0.036 g-cm™), and excellent water stability.
The cross-linking of the cellulose fibrils is promoted by a range
of metal ions such as K', Ca?*, Zn*", Cu®*", AI**, and Fe*',
indicating good universality of our method. Density functional
theory reveals that the cross-linking effect of different ions
follows the order of Ca** > Fe** > AP** > Cu** > Zn** > K >
Na*, which agrees well with the experimental results. Our
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Figure 1. Schematic of ambient-dried cellulose—graphite foam. (a) Fabrication process of the cellulose—graphite foam. The paper box full of
foaming slurry is immersed into metal salt solution to obtain 3D cross-linking networks, followed by ambient drying to fabricate porous foam. (b)
Radar chart showing the advantages of our method for cellulose foam fabrication. (c) A range of metal ions can be used in this process. (d) Digital
image of the cellulose—graphite foam staying on the top of a dandelion flower head, showcasing the ultralow density of the cellulose—graphite

foam.

approach featuring cross-linking and ambient drying is highly
efficient and scalable, which offers a sustainable route toward
green foam production for a range of applications.

B RESULTS AND DISCUSSION

In this cellulose—graphite foam design, graphite serves as the
building block which is physically exfoliated and dispersed into
the cellulose slurry. In a typical fabrication process, cellulose—
graphite slurry with a solid content of 2 wt % is first prepared
by ultrasonic mixing of the slurry containing graphite flakes
and cellulose (Figure 1a). Sodium dodecyl sulfate (SDS) is
added to the slurry to create sufficient air bubbles under
stirring (Figure la and Figure S1). Upon the foam forming
process, we transferred the bubbled cellulose—graphite
suspension into a paper box and sank it into metal salt
solution for molding, where the slurry gradually became stiff
due to the cross-linking effect between negatively charged
cellulose fibrils and the positively charged metal ions (Figure
1a). The stable three-dimensional (3D) cross-linking networks
among the cellulose fibrils and metal ions could resist the
increased capillary force and maintain the porous structure
during ambient drainage. Finally a stable cellulose—graphite
foam was achieved by fast ambient drying in air. The complete
fabrication process, including foaming (1 min), molding/cross-
linking (1 h), and ambient drying (8 h for foam size 4 cm X 4
cm X 2 cm), saves ~80% of the time used in freeze-drying for
the sample with a similar size (e.g,, > 48 h). Compared with
the freeze-drying process, our approach enables ambient drying
while it produces high-performance cellulose—graphite foam
with advantageous scalability, cost, water stability, density, and
compressive modulus (Figure 1b). Metal salt ions, including
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monovalent ion K*, divalent ions Ca*/Zn?*/Cu®", trivalent
ions AI**/Fe®", are all effective in preparing the foam with high
compressive strength (Figure 1c). The prepared cellulose—
graphite foam features low density (~0.036 g-cm™) that can
stay on the top of a dandelion flower without any noticeable
deformation (Figure 1d). Our fast, facile, and cost-effective
approach to fabricate the cellulose—graphite foam demon-
strates the following two key advantages: (1) good scalability
and efficiency by using the ambient drying; (2) good water
stability due to the cross-linking networks.

To understand the cross-linking interaction between the
metal ions and the cellulose fibrils,””*® we added the
cellulose—graphite droplets into deionized water and various
metal salt solutions. Once immersed into deionized water, the
edges of the droplets gradually turned blurry, as shown in
Figure 2a and Figure S2. After shaking, all of the droplets in
water disappeared and became cellulose—graphite suspension,
which we attribute to the dissociation of the hydrogen bond
between the cellulose fibrils (Figure 2b). However, the
droplets of cellulose—graphite slurry are stabilized and
maintained after dropping into the metal ions-containing
solution, suggesting that the cellulose fibrils are cross-linked by
metal ions to inhibit the dissociation of hydrogen bond
between the cellulose fibrils. After shaking, the droplets in Na*-
and K'-containing solutions were collapsed, while the solutions
with Ca?*, Zn?*, Cu**, AI>, or Fe** jons remained intact,
indicating stronger cross-linking interaction. To quantitatively
analyze the interaction between the cellulose fibrils and metal
ions with different valences, we measured the mechanical
properties of cellulose—graphite slurry with and without metal
ions by the dynamic rheological tests (Figure 2c,d). For the
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Figure 2. Characterization of the cellulose—graphite slurry with various metal ions. (a) Digital image of cellulose—graphite droplets in solutions
containing various metal ions. (b) Schematic of the interaction between cellulose fibrils in solution with and without metal ions, showing the
separated cellulose fibrils in bare water and the cross-linked cellulose fibrils in metal ion solutions. (c) Storage modulus as a function of angular
frequency for the cellulose—graphite slurry treated by solutions with (0.05 M) and without metal ions. (d) Loss modulus as a function of angular
frequency for the cellulose—graphite slurry treated by solutions with (0.0 M) and without metal ions.

cellulose—graphite slurry without ions, the storage and loss
modulus gradually increase with the angular frequency,
demonstrating a liquidlike behavior. However, the cellulose—
graphite slurry with metal ions shows a constant storage and
loss modulus that are independent of the frequency, implying a
gel-like behavior because of the cross-linking interaction
between cellulose fibrils and metal ions. Moreover, the storage
modulus of cellulose—graphite slurry with the divalent and
trivalent metal ions are 1—2 orders of magnitude higher than
those with monovalent ions and without any ions, indicating
that cross-linking interaction increases with higher valences.
From the rheological tests, we conclude that the cross-linking
interaction follows the order of Fe3* > Cu®** > Zn>* > A" >
Ca® > K' > Na', consistent with our experimental results
shown in Figure 2a.

On the basis of the cross-linking interaction between
cellulose fibrils and metal ions, we fabricate the bulk
cellulose—graphite foam through ambient drying process.
First, the cubic paper molds containing foaming cellulose—
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graphite slurry either directly dried (as a control, Figure 3a) or
dried after cross-linking by metal ions (i.e.,, Fe**) (Figure 3b)
are compared. After removing the molds, only the foaming
slurry soaked in Fe®* solution turned into stiff and free-
standing cellulose—graphite gel. Followed by ambient drying at
60 °C, the cellulose—graphite foam without ion treatment
shows a collapsed film-like appearance (Figure 3a), whereas
the foam with ion cross-linking exhibits a stable cubic shape
(Figure 3b). Cross-sectional scanning electron microscopy
(SEM) image of the cellulose—graphite foam without ion
treatment displays large and collapsed pores, while that of the
cellulose—graphite foam treated by Fe** shows uniform porous
structure with pore size of ca. 200 ym. In addition, the zoom-in
SEM image clearly demonstrates the cellulose—graphite
composite microstructure (Figure S3), where the exfoliated
graphite flakes are embedded in the cellulose matrix. Note that
the density of foam treated with Fe** (0.036 g-cm™) is lower
than the foam without ion treatment (0.06 g-cm™) due to the
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Figure 3. Fabrication and characterization of the cellulose—graphite foam. (a) Digital images of the fabrication process for the cellulose—graphite
slurry without ion treatment and the SEM image of its microstructure. (b) Digital images of the fabrication process for the cellulose—graphite slurry
with Fe** treatment and the SEM image of its microstructure. (c) FTIR spectra of foams with and without ion treatment. (d) Compressive stress—
strain curves of foams with and without ion treatment. (e) The compressive modulus of foams with and without ion treatment. (f) Digital images of
the foam without ion treatment before and after stirring for 1 h. (g) Digital images of the foam with ion treatment before and after stirring for 1 h.

highly porous structure. Using this method with different
molds, various shapes of foam can be obtained (Figure S4).
We further characterized the composition, mechanical
properties, and water stability of the cellulose—graphite foam
with and without ion treatment. The Fourier-transform
infrared spectroscopy (FTIR) spectra of the foam with and
without Fe" treatment are collected to reveal the interaction
between Fe’* and cellulose fibrils (Figure 3c). The foam
without ion treatment shows bands at 1407 and 1602 cm™
corresponding to the symmetric and asymmetric stretching
vibrations of —COOT, respectively; in comparison, these bands
for foam treated with Fe’* showed a slight shift to higher
wavenumbers and a decrease of intensity, suggesting
interaction between the —COO~ group with Fe** by
electrostatic attraction.”” The elemental mapping by energy
dispersive X-ray spectroscopy (EDS) shows that the Fe
element is distributed uniformly (Figure SS). From the
compressive stress—strain curves shown in Figure 3d, the
foam treated with Fe*" exhibits higher compressive stress and
5.2 times increase of modules compared to the foam without
ion treatment (Figure 3e). The ion cross-linking network
among cellulose fibrils by Fe®" leads to stronger and stiffer
cellular walls, resulting in higher mechanical strength of foam.
Additionally, we evaluated the water stability of the cellulose—
graphite foam by stirring the foam in water (Figure 3fg). After
1 h of continuous stirring, the foam without ion treatment
broke into small pieces, whereas the one treated with Fe®*
remained intact, demonstrating better water stability.
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To demonstrate the universality of our method to fabricate
cellulose—graphite foam, we immersed the foaming cellulose—
graphite slurry mold in different solutions containing
monovalent Na*/K*, divalent Ca>*/Zn>*/Cu**, or trivalent
APP*. All of the prepared wet foams are free-standing and stiff,
indicating successful cross-linking by the tested metal ions.
After ambient drying, the foam with Na* exhibits collapsed
appearance with large pores, whereas the foam with K* ions
shows a well-shaped appearance and porous microstructure,
potentially due to the stronger cross-linking interactions
(Figure 4a). The dried foams treated with Ca**/Zn*"/Cu*"/
AP** jons all follow the cubic shape of the mold and exhibit
sharp edges. The small pore size (200—400 ym) observed in
these cases further indicates that the divalent and trivalent ions
played a key role in resisting the increased capillary forces and
maintaining the porosity during the ambient drying process.
We use EDS mapping on the dried foams treated with various
ions to confirm their elemental distribution (Figures S6—8).
Moreover, the densities of cellulose—graphite foams treated
with different metal ions are compared in Figure 4b, among
which foams treated with K*/Ca®*/Zn*"/Cu®**/AI** ions show
a similar density range (0.035—0.037 g-cm™). We also
characterized the compressive stress—strain curves of foams
treated with different ions, where we found the foam treated
with Fe®* shows the highest compressive strength which is
consistent with the trend of the storage modulus (Figure 2c).
The high quality of cellulose foams cross-linked by a range of
metal ions demonstrate the good universality of our approach.
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To understand the effect of cross-linking by different metal
ions, we conduct density functional theory (DFT) calculations
implemented in the Vienna ab initio simulation package
(VASP).>?" The calculation was carried out with the
exchange and correlation interaction parametrized by general-
ized gradient approximation (GGA) of the Perdew—Burke—
Ernzerhof (PBE) functional (see Supporting Information for
details).> First, we focus on the effect of valence of the metal
ions on the cross-linking interaction between the cellulose
chains. Figures S9 and S10 show the simulation models of
cellulose chains intercalated with different metal ions and the
water molecule, respectively. Na* and K* tend to bond with
one —COO™ group strongly and another —COO™ group
weakly due to the lack of empty orbitals. In comparison, the
divalent and trivalent metal ions bond with both O atoms in
the two —COO™ groups, creating much stronger bonding. To
quantitatively analyze the bonding, the binding energy and
bond length between —COO™ and metal ions were calculated
(Figure Sa,b). We found that the binding energy increases with
the increase of valence in general, despite of Ca®>" showing an
ultrahigh binding energy (—10.87 eV) among others. The
trend is by and large consistent with the trend of compressive
strengths (Figure 4c, d). The simulation also showed that the
bond length decreases with the increase of valence. In
particular, K™ has the largest bond length, which fits well
with the density measurements (Figure 4b).

To better investigate the cross-linking interaction of different
metal jons with the same valence, we calculate the charge
density difference of the metal-ion-intercalated structure
(Figures Sc—f, S11). we obtain the charge density difference

(pA) bY uSing the equation Pa = Protal = Pion ~ Peelluloses where
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Protab Piow AN Peelulose are the total charge density of structure,
the charge density of ions, and the charge density of cellulose,
respectively. Both Na* and K* transfer electrons to the O atom
in the —COO™ group. A few electrons are transferred from K
to the —OH group, suggesting that bonding forms between
—COO7, K*, and —OH (Figure Sc). Because of the lack of
empty orbitals, it should be noted that the binding energy
between two cellulose chains and alkali metal ions mainly
comes from the restriction of the one chain possessing stronger
bonding. At the same time, the binding energy between the
other one and alkali metal ions is comparable to that between
cellulose and water molecule (—0.83 eV). Thus, the sufficient
water molecules in the solution can easily break the interaction
between alkali metal ions and the weak cellulose chain, which
results in the instability of the cross-linking network
intercalated by Na*/ K* ions. We noticed that the electron
transfer in the Zn>'-intercalated cellulose can only occur
between Zn** and the —COO~ groups (Figure 5d), while a
similar but much higher electron transfer tendency happened
between Ca** and the entire cellulose chains (Figure Se). The
extra electron transfer in the Ca**-intercalated cellulose results
in a much higher binding energy, thus the Ca?" cross-linked
cellulose foam has a higher strength than those cross-linked by
other divalent ions (e.g,, Zn>"). Our simulation found a higher
electron transfer tendency between AI**/ Fe® and the
—COO~ groups than that by other ions (Na*, K*, Zn™,
Ca?), resulting in the higher binding energy and strength,
consistent with our experimental results. Because of the
different donor sources of the orbital electron in Fe and Al,
there exist divergences in the charge density of the ions. The
—COO™ gains the electrons from the outermost electronic
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Figure S. DFT simulation results. (a) Binding energy between cellulose and different metal ions. (b) Bond length between cellulose and different
metal ions. Schematics showing charge density differences of metal ions-intercalated cellulose with (c) K*, (d) Zn*", (e) Ca*', and (f) AI**. The

yellow region represents the gain of electrons.

orbit of the AI**. At the same time, the Fe*', as the transition
element, donates the electrons from both 4s and 3d electronic

orbits, which in turn increases the outermost charge densities
of Fe’*.

B CONCLUSION

In this work, a facile and scalable approach featuring ion cross-
linking followed by ambient drying is developed to fabricate
light-density, robust, and biodegradable cellulose—graphite
foams. Because of the 3D ion cross-linking networks
established by the electrostatic interaction between metal
ions and negatively charged cellulose fibrils, the wet cellulose—
graphite foam could resist the increased capillary forces during
the ambient drying process. Remarkably, the cellulose—
graphite foam cross-linked by Fe®* shows a porous micro-
structure (mean pore size ~200 um), high dissociation
resistibility in water, and high compressive modules (1213
kPa) compared with the foam without ion cross-linking
treatment. In addition, monovalent K* ions, divalent Ca®*,
Zn**, Cu®" ions, and trivalent AI** ions can all be used to
prepare cellulose—graphite foam with uniform porous structure
and high compressive strengths, demonstrating good universal-
ity of our approach. DFT calculations show that the binding
energy of different metal ions intercalated with the cellulose
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chains follows the order of Ca®* > Fe** > AP* > Cu** > Zn** >
K" > Na*, consistent with our experimental observation. Our
approach demonstrates great potential for the cost-effective,
energy-efficient, and scalable production of sustainable foam
materials for a range of applications.
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