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Versatile Assembly of Metal-Phenolic Network Foams
Enabled by Tannin—Cellulose Nanofibers

Bruno D. Mattos,* Ya Zhu, Blaise L. Tardy, Marco Beaumont, Ana Carolina R. Ribeiro,
André L. Missio, Caio G. Otoni, and Orlando J. Rojas*

Metal-phenolic network (MPN) foams are prepared using colloidal suspen-
sions of tannin-containing cellulose nanofibers (CNFs) that are ice-templated
and thawed in ethanolic media in the presence of metal nitrates. The MPN
facilitates the formation of solid foams by air drying, given the strength and
self-supporting nature of the obtained tannin—cellulose nanohybrid struc-
tures. The porous characteristics and (dry and wet) compression strength of
the foams are rationalized by the development of secondary, cohesive metal-
phenolic layers combined with a hydrogen bonding network involving the
CNF. The shrinkage of the MPN foams is as low as 6% for samples prepared
with 2.5-10% tannic acid (or condensed tannin at 2.5%) with respect to CNF
content. The strength of the MPN foams reaches a maximum at 10% tannic
acid (using Fe('") jons), equivalent to a compressive strength 70% higher than
that produced with tannin-free CNF foams. Overall, a straightforward frame-
work is introduced to synthesize MPN foams whose physical and mechanical
properties are tailored by the presence of tannins as well as the metal ion spe-
cies that enable the metal-phenolic networking. Depending on the metal ion,
the foams are amenable to modification according to the desired application.

1. Introduction

Plant-based nanomaterials and biobased polymers along with
their rich set of colloidal interactions are seen as key enablers of
the materials of the future bioeconomy.ll Cellulose nanofibers
(CNFs) have been used to prepare high-performance materials

ranging from filaments? and filmsP to
porous aerogels and foams.*’! Among
the latter, cellulosic foams represent green
options with potential for nontoxic thermal
insulation,!®! catalytic environmental reme-
diation,”® and lightweight materials,?
among others. Although cellulose provides
robust porous scaffolds, its intrinsic chem-
ical inertness restricts applications unless
it is modified with entities holding spe-
cific functionalities (e.g., magnetism, con-
ductivity). On that note, CNFs have been
chemically modified,'% composited with
polymers(''2l or nanomaterials,/® used as
a template for the growth of functional
nanoparticles,® and more recently coas-
sembled with metal-organic frameworks
(MOFs).M Such efforts have enhanced
their processing and uses;! however,
most of the classical challenges related to
generic nanohybridization also apply to
cellulosic materials, a subject that remains
poorly developed in the case of CNF.

In cellulose constructs, cellulose—cellulose interactions are
superior to other noncovalent interactions. Therefore, modi-
fying cellulose or adding a secondary phase typically reduces
the structural cohesion. Furthermore, incorporating a func-
tionality within a nanocellulose network often leads to uneven
distribution, aggregation, and phase separation. Meanwhile,
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controlled bottom-up hybridization, for instance, by in situ nano-
particle (NP) growth, leads to a better trade-off between func-
tion and strength. Nevertheless, NPs in the range of dozens
of nanometers, like those grown in situ within nanocellulose
networks,>"] proportionally offer less active sites compared
to single ions. In this sense, MOF templated by nanocelluloses
has been proposed to endow functionalities at the nanoscale
by the effect of the corresponding metal-organic system, while
largely preserving other properties.'®! Unfortunately, MOF
coassembly with nanocelluloses is currently limited to a few
coordination centers and ligand pairs, such as zeolotic imi-
dazole framework (ZIF), Universitet i Oslo (UiO), and Maté-
riaux de I'Institut Lavoisier (MIL) series.['#1718]

Metal-phenolic networks (MPNs) are a class of amorphous
metal-organic coordination systems that exploits the ability
of plant-based polyphenols to chelate metal cations for the
assembly of a wide range of structures holding a much broader
spectrum of metal-centered functionalities. For example, nearly
20 multivalent metal ions can be combined with plant poly-
phenols, as shown in the preparation of capsules,'®-?! hydro-
gels, 2223 films,?4 coatings,!?’! and modular supramaterials.2%]
Moreover, MPNs are typically assembled in aqueous media,
which facilitates coassembly with solvent-sensitive or water-
holding biopolymers, such as proteins,*] starch,?® and cel-
lulose.**2% Beyond tannic acid, typically used in MPNs, plant
polyphenols include low- and high-molecular-weight tannins,
either hydrolyzed or condensed, which are extracted mostly
from the bark of plants using aqueous or organosolv pro-
cesses.3% Such molecules display remarkable adhesion to virtu-
ally any surface,”® engage in multiple secondary interactions,
and have a high affinity with cellulose,?32l which can be specu-
lated to result from their biosynthetic pathways in plants.

www.advmat.de

Tannins and cellulose nanomaterials have been combined
into lightweight porous materials with remarkable strength and
insulating properties.?>34 However, an area that still remains
challenging is that related to the processing of nanocellulose
suspensions in the presence of tannins and multivalent metal
cations (MPN precursors), for instance, to form low density
MPN foams with a homogeneous distribution of the metallic
centers. Although MPNs have been assembled onto dense
nanocellulose films,?¥ this is more difficult in porous nanocel-
lulose constructs given that such loose supramolecular archi-
tectures are a more delicate material to postprocess, especially
in the presence of water. Furthermore, strong gels are formed
between CNF and MPN precursors. The coupling of CNF-
entangled network with the MPN assembly hinders the diffu-
sion of ions and their even distribution, also leading to strong
short-range interactions that collapse the network when drying-
induced capillary forces take place. To address these challenges,
we propose a facile method to synthesize robust MPN foams by
a modified freeze-thawing—drying (FTD) of tannin-containing
CNF, leading to a truly homogeneous lightweight MPN-CNF
foam (Figure la—e). Whereas a classical FTD method typically
uses neat ethanol for thawing,**l we incorporated metal nitrates
in the ethanolic thawing medium, enabling MPN formation
in situ. Such process occurs during the thawing of the frozen
structure in the presence of phenolic ligands adsorbed on the
nanofibers (Figure 1b) together with solvent exchange, from
H,0 to EtOH (Figure 1c). The formation of a cohesive MPN
coating onto the ice-templated CNF yields a much stronger
foam when compared to pure CNF foams, especially in wet
conditions. This allows the wet structure to be air-dried with
minimal shrinkage (Figure 1d). Such characteristics have tradi-
tionally been achieved by partial dissolution and regeneration

OH
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condensed tannins OH b1 Ice templating b
e #
R 7/ Hlo ; H
C
Tannic
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HO C Thawing in EtOH rich in metal ions (M*)
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o HO Nd" zn®
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\\ E . ] .
Cellulose nanofibrils OH

Figure 1. Renewable, plant-based materials are used to prepare strong and functional lightweight porous materials. a) Cellulose nanofibers (CNFs) are
combined with either tannic acid or condensed tannins via cogrinding. by) The tannin—-CNF is frozen and used in the formation of b;) porous networks
with cell walls that incorporate bs) CNF and tannin molecules. c) The templated nanofibers are then thawed in ethanol solutions rich in metal ions
for the formation of the metal-phenolic networks (MPNs) while solvent exchanging water for ethanol. d) The assembly of MPN e) on the templated
tannin—-CNF facilitates drying under ambient conditions while significantly preventing shrinkage.
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of cellulosel*38 or by cross-linking.?**1 We further discuss
the assembly of MPN in the presence of CNF and investigate
the effect of tannin type and concentration on the formation
and physicochemical properties of MPN foams, as well as
the effect of the type of metal ion used (Figure le). A general
method to fabricate MPN foams is proposed as a toolbox for
the development of functions using all plant-based materials as
building blocks.

2. Results and Discussion

The ligand size, its molecular distribution, and its binding
capacity toward multivalent metal ions are fundamentally
important to develop strong MPN structures.*? Herein, we
combined tannin and CNF by cogrinding, resulting in a homo-
geneous adsorption of the polyphenol on the fibrils.’32 We
used tannic acid (TA) and condensed tannins (CTs), which share
similar origins but feature remarkable differences in terms of
phenolic content, functional groups, molecular weight, and 3D
molecular arrangement.’] The resulting modified nanofibers
were then used to produce solid MPN foams, as discussed next.

We first investigated the tannin-cellulose interactions and
MPN assembly in aqueous suspension. We used iron nitrate for
the assembly of the MPNs given its solubility in ethanol, which
was later used as a thawing solvent to produce the foams. While
tannic acid (Figure 2a) is expected to bind more strongly to cel-
lulose compared to the condensed counterpart (CT binding
groups are partially sterically hindered) (Figure 2d), the latter
are more widely available and are more cost-effective.* The UV
spectrum of TA-containing nanocellulose (CNF/TA) shows a
clear blueshift of the peak assigned to TA (from 275 to 260 nm,
Figure 2b,c). The position of the UV-Vis peak remained con-
stant for the CT and CNF/CT systems (Figure 2e,f and Figure S1
(Supporting Information)). CNF/TA and CNF/CT suspensions
showed a higher nonspecific absorbance compared to pure TA
and CT solutions; however, TA displays a much higher binding
capacity with cellulose, which is driven mostly by secondary
interactions, mainly hydrogen bonding, van der Waals forces,
and CH-n interactions. Both TA and CT are deeply incorpo-
rated within the CNF bundles, as indicated by UV-vis peak
observed after extensive dialysis of the CNF/tannin suspen-
sion (Figure S2, Supporting Information). The tannins exist
within the CNF bundles in two different configurations, as an
adsorbed layer on cellulose and as free molecules. The latter
partially leach out during dialysis, to an extent that depends on
the total polyphenols content: a higher tannin content leads to
higher leaching. For both tannins, the addition of metal ions
leads to MPN assembly regardless the presence or absence of
CNF, with an overall broader band for MPN assembled in the
presence of CNF (UV-vis spectra of CNF and iron nitrate solu-
tion, Figure S3, Supporting Information). This is speculated to
be, at least in part, due to molecular conformation caused by the
confinement of the assembly in the presence of cellulose fibrils.
The less visible changes observed for the CNF/CT system point
to a lower binding of CT with the metal ion; however, the MPN
is clearly formed as it is also observed by the color change of
the suspension — a typical sign of the formation of iron tan-
nates of characteristic purple color (inset Figure 2c,f).

Adv. Mater. 2023, 35, 2209685 2209685 (3 of 10)

www.advmat.de

The incorporation of both TA and CT in CNF, at only 10%
mass fraction, modified remarkably the rheological proper-
ties of the suspension. The presence of tannins increased
the apparent viscosity of the CNF suspensions (fibril content
of 0.85 wt%) and accentuated their shear thinning behavior
(Figure S4, Supporting Information). The subsequent MPN
assembly on the tannin-containing CNF surface imparted
minor changes in the shear thinning behavior. The storage
(G) and loss (G”) moduli of the CNF/tannin and CNF/MPN
hydrogels were one order of magnitude higher than those for
neat CNF suspension (Figure 2g,h), with the most significant
changes occurring in the presence of tannins. Nonetheless,
all the suspensions were in a predominantly elastic regime,
G’ > G” across the 0.1-100 rad s angular frequency scan. How-
ever, G” increases at =3 rad s7! for pure CNF, while it remained
constant until =80 rad s for the CNF/tannin and CNF/MPN
samples. The viscoelastic properties and flow behavior indicate
that (at the used CNF concentration: 0.85 wt%) the addition of
TA or CT cross-links the CNF network via secondary interac-
tions and to an interlocking of the nanofibrillar network due
to the assembly of the MPN. The high viscosity of the CNF/
tannins—MPN supramolecular gels, especially measured at low
shear rates, impeded direct use as precursors for the fabrication
of MPN foams by the traditional FTD method.

We investigated the effect of tannin, as well as MPN for-
mation, on the mechanical properties of a nanocellulose fibril
bundle (widths of 20-30 nm) by atomic force microscopy (AFM)
operating in force mode (Figure S5a, Supporting Information).
Overall, the adsorption and cross-linking effect of tannin on
the fibrils increased their flexural stiffness (Figure S5b, Sup-
porting Information). The work of adhesion (and adhesion
force, Figure S5c, Supporting Information) was slightly higher
for the tannin—CNF compared to the neat CNF, though the net-
working of the phenol hydroxyls and the Fe ions (MPN for-
mation) decreased their adhesiveness. This is a result of hydro-
philic binding sites occupied by the MPN assembly. The CNEF/
CT system was more adhesive than CNF and CNF/TA, which
is due to a heterogenous chemical makeup and larger size
resulting in looser binding to cellulose (Figure 2e,f).

The growth of ice crystals among the highly interconnected
gel network is not capable of introducing pores and cohesive
cell wall structures homogenously across the precursor suspen-
sions. Therefore, the frozen scaffold obtained from both CNF/
tannin-MPN precursors collapsed after the thawing—drying (in
air) stages, resulting in a foam with volumetric shrinkage of
>80% (Figure 3a and Figure S6 (Supporting Information)). The
shrinkage was extensively reduced (<10%) when assembling
the MPN after the tannin—-CNFs were already templated, i.e.,
during the thawing process (Figure 3b,c and Figure S6 (Sup-
porting Information)) and foams with well-defined pores were
formed (Figure 3d-g and Figures S7 and S8 (Supporting Infor-
mation)). CNF suspensions containing 2.5-50 wt% of tannins
— TA and CT - relative to the fibril content were ice-templated
(at =16 °C) and then thawed in pure ethanol (Figure 3b) and
Fe(NOj3); ethanol solutions (Figure 3c). We next investigated the
effect of Fe(NO3); concentration (0.001-1 g L) in the thawing
solution over the MPN assembly and shape fidelity after air
drying. The shrinkage decreased with metal ion concentration,
but no major differences were observed at concentration from
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Figure 2. Assembly of the MPN on cellulose nanofibers using a) tannic acid (TA) and d) condensed tannins from black wattle (CT). UV-vis spectra
displaying MPN assembly with Fe(' in the absence b) for TA, e) for CT) and presence of CNF c) for TA, f) for CT). Storage (G’, filled symbols) and
loss (G”, empty symbols) moduli were obtained via oscillatory rheology of CNF, CNF/tannin, and CNF/tannin—-MPN using g) TA and h) CT. i) Work of
adhesion (AFM force mode) measured on CNF and modified CNF, as indicated.

0.1to 1 g L™! (Figure S9, Supporting Information). The resulting
foams had densities of 0.015-0.035 g cm™ (Figure S10, Sup-
porting Information), with upper boundaries found in samples
containing high tannin contents and thawed in ethanol in the
absence of ions.

The tannin—CNF foam resulted in =20% shrinkage after
thawing-drying (Figure 3a), forming a well-defined pore struc-
ture (Figure 3d), characteristic of foam materials.! Foams with

Adv. Mater. 2023, 35, 2209685 2209685 (4 of 10)

the lowest density and highest shape fidelity were obtained with
5-10% tannins following thawing in Fe(M—ethanol solutions
for MPN assembly (Figure 3e). Thawing the frozen tannin—
CNF precursors in pure ethanol sets a tannin limit of 10%,
after which the local density of the foam cell walls increases
sharply and overcomes the cross-linking capacity of tannins
observed at lower mass fractions (Figure 3a), thus leading to
40-60% shrinkage and foam collapse (Figure 3f). Tannins are
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Figure 3. Physical and structural properties of the MPN foams. a) Effect of MPN assembly conditions on the foam shrinkage. b) Shrinkage of CNF/
tannin and c) CNF/tannin-MPN foams with increased tannin content. Scanning electron microscopy images of d) pure CNF, e) CNF/TA10%-MPN,

f) CNF/TA50%, and g) CNF/TA50%—MPN.

bio-macromolecules that do not form a continuous matrix
and are often copolymerized with furfuryl alcohol for material
development, 4] therefore tannins at a high content (25-50%)
within the nanofiber network only act as binders by formation
of MPN in the presence of Felll. By thawing the tannin—-CNF
suspensions in Fel-rich ethanol, the MPN is formed in situ,
and leads to strong cell walls that sustain drying stresses even
at tannin contents as high as 50% for the CNF/TA and 25% for
CNF/CT systems (Figure 3g). Nevertheless, thawing in ethanol,
which coagulates cellulose, is essential to enable high shape
fidelity in the resulting MPN foams, as an aqueous Fe(NOj;);
solution as the thawing medium resulted in 70% shrinkage
(Figure S1la, Supporting Information). Moreover, cogrinding
tannins with cellulose fibers resulted in strong tannin/cellulose
interactions when compared to simple mixing.?"3% Indeed,
coground CNF/tannin led to MPN foams with low volume
shrinkage (5-15%) while the mixed systems shrank to a greater
extent (15-30%, Figure S11b, Supporting Information).

The MPN foams, with well-organized pore structures
(Figure 3e,g), displayed the typical behavior of cellular materials
when exposed to uniaxial compressive mechanical stress. The
force-strain curves (Figure 4a;,a;) show the three characteristic
stages: 1) linear viscoelasticity where the cell walls bend, ii) pla-
teau region due to elastic buckling, and iii) densification regime
where the cell walls collapse and make contact.! In a collapsed
foam (Figure 3f), the first two stages are absent (Figure 4ay),

Adv. Mater. 2023, 35, 2209685 2209685 (5 of 10)

and the densification stage takes place at very low strains (<5%)
when compared to macroporous foams (>40%). We evaluate the
strength at 60% strain to compare the various CNF/tannin and
MPN foams. Such choice of reference strain is made given that
some materials do not present a yield point (i.e., a clear transi-
tion between stages i and ii) nor a well-defined elastic regime
(stage i). Meanwhile, the strength at 60% can be conveniently
compared since all the samples undergo similar mechan-
ical densification regime at this load. Moreover, we normal-
ized the strength by the density (i.e., specific strength), since
denser foams inevitably display higher mechanical strength,
which would confound the effects of tannin addition and MPN
assembly.

By increasing the ion concentration in the thawing solution,
stronger MPN foams were formed; however, as noted for the
shrinkage, the gains in cohesion plateaued at concentrations
from 0.1to 1 g L7! (Figure S12, Supporting Information). There-
fore, we fixed the Fe(NOjs); concentration at 1 g L™! and inves-
tigated the effect of tannin content and thawing media on the
strength of the resulting foams. A remarkable increase (=40%)
in strength was observed in the CNF/tannin foams (i.e., thawed
in ethanol) with 2.5-5% of either TA or CT and when com-
pared to pure CNF (Figure 4by), thus confirming the ability of
plant polyphenols to cross-link the networks by supramolecular
interactions.l The strength of the CNF/tannin foams was rap-
idly reduced at a TA/CT content of 10% based on fibril mass,
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Figure 4. Mechanical performance of MPN foams. aj,a,) Effect of the MPN assembly at low and high tannin concentrations on the morphology of the
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by) pure ethanol and b,) Fe(NO;); ethanol solution at 1 g L™ ¢) Ultimate compressive strength of the MPN foams (optimal conditions) for TA and CT.
d) Wet strength of the MPN foams compared to CNF foams under 10 compression cycles.

reaching values lower than those for pure CNF when added at
high tannin contents (50%). The increase in the local density
across the pore cell walls, and the extensive content of loosely
bound tannins overcame their cross-linking ability, resulting in
poorer mechanical properties.

As far as cohesion development in the MPN foams, a narrow
window of tannin content maximized the strength, depending
on the type of tannin used. The strength peaked at 10% and
5% tannin for MPN foams assembled with TA and CT, respec-
tively (Figure 4b,). In each case, higher tannin addition led
to a weaker system, but to a lesser extent when compared to
the CNF/tannin foams — without MPN assembly. We specu-
late that the specific strength of CT-MPN foams (Figure 4b,)
peaked at lower contents compared to the TA analog because
of macromolecular configuration. The larger dimensions of
CNF exposed to the low-molecular weight TA compared to CT
molecules (Figure 2a,d) imparts a premature surface saturation
Dby the latter, thus limiting cross-linking.

At optimized conditions (5% CT or 10% TA), MPN foams
presented a compressive strength of =250 kPa, =70% stronger
than those from neat CNF (Figure 4c). Most importantly, the
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assembly of MPN is shown as an effective way of introducing
metal ions into the porous materials, without disrupting the
cellulose—cellulose interactions, which are key to developing
cohesion. This can be observed by comparing the strength of
CNF foams when thawed in Fel™-free and Fe-containing
ethanol: a 25% reduction is observed when CNF foams are
consolidated in the presence of metal ions due to the disrup-
tion of cellulose O—H---O interactions by (longer-range)
Fe*...O (cellulose) electrostatic interactions. Nevertheless, the
MPN formed with the fibrils yielded foams with high resilience
and shape recovery properties, as noted after compression
cycles under a strain that was increased gradually up to 60%
(Figure S13, Supporting Information). In addition, a higher
wet strength was noted when compared to pure CNF foams
(Figure 4d). The compressive strength was recorded at 30%
strain (a point at which cell walls are bending but still in the
range where all samples recover their initial shape, Figure S13,
Supporting Information) over 10 cycles in foams wetted imme-
diately before the tests (Figure 4d and Figure S14 (Supporting
Information)). We observe that the MPN foams not only were
less hydrophilic (visual wetting), but that after 10 cycles, the wet

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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strength of MPN foams was twice than that of CNF foams. Due
to its condensed structure, and low exposure of hydrophilic
groups, CT-MPN foams were more water-resistant, confirming
conclusions obtained with hydrophobic CT-CNF films.3"

Among other applications, MPNs enabled by Fel™ have been
shown to display high fire resistance;* however, CNFs (and cel-
lulose in general) are highly flammable. Therefore, as a demon-
stration of the attributes of the Fel') CNF-MPN foams, and the
ability of MPNs to endow CNF porous matrices with new func-
tions, we evaluated their fire resistance taking into considera-
tion tannin type and content (Figure S15a,b, Supporting Infor-
mation). Neat CNF, tannin—-CNF, and MPN-CNF foams were
exposed to a butane flame and their mass loss was recorded for
2 min. As expected, complete combustion occurred rapidly (in
=30 s) when CNF foams were directly exposed to the butane
flame. Comparatively, the tannin—-CNF foams displayed flame
resistance, especially when 25% of tannin was used. In this
latter case, the condensed tannin structures led to high char
content, resulting in a residual mass of =40% after 2 min expo-
sure. The results of flame resistance are in line with reports
on the effect brought by the tannins when added to fire-sensi-
tive precursors.*®41 After addition of the Fe ions, for MPN
assembly, the fire resistance of the resulting foams increased
significantly, including those prepared at tannin concentrations
as low as 5%. In this case, the mass loss is limited to =25%
in the MPN-CNF foams, which is a remarkable improvement
when compared to neat CNF foams (Figure S15b, Supporting
Information).

www.advmat.de

So far, Fe™ jons have been used to demonstrate the method
and its property boundaries as far as tannin content and type, as
well as application potential. We next describe a general frame-
work to create MPN foams using tannin-containing CNF. How-
ever, MPNs can be assembled with a variety of metal ions.?% In
our FTD method, the only limiting factor related to the metal
ion is its solubility in ethanol. Therefore, we used EtOH-soluble
nitrate salts of yttrium (Y), gallium (Ga), neodymium (Nd),
chromium (Cr), cerium (Ce), aluminum (Al), copper (Cu), cal-
cium (Ca), magnesium (Mg), zinc (Zn), and nickel (Ni) to inves-
tigate the versatility of the method and to understand the effect
of the metal ion on the properties of the resulting MPN foams.
Note: we avoided any effect from a different counterion present
in the medium during the consolidation of the foams.(¥

We fixed TA and CT content at 10% and observed a clear
effect of the metal ion on the resulting mechanical strength of
the MPN foams (Figure 5a), whereas the shrinkage of the MPN
foams was impacted by the metal ion by a lesser extent (Figure
S16, Supporting Information). The shrinkage of the Fe') CNF/
TA-MPN foams was =6%, while the other ions resulted in MPN
foams with shrinkage values in the range between 6% and
9%. The highest values were observed in MPN foams assem-
bled with bivalent metal cations. Similar observations were
made for CNF/CT-MPN foams, albeit they resulted in higher
shrinkage levels (=15-22%). Although the specific compression
strength ranged from 5 to 15 MPa (g cm~)7}, all MPN foams
were mechanically robust and displayed high shape fidelity, as
observed for Cu CNF/CT-MPN, A1) CNF/TA-MPN, Ce!l)

a Chemical hardness TA)AIM 15
(o €1
e, — @ @ Measured
Valency o =2 < Predicted
I i 2] 0
15 3 HO 3 S0 C O
[CICNF/TA10%-MPN g ° &
BICNF/CT10%-MPN (TA-CT)Ce (TA)Fe(III) OH s, 00 g ®
s ' 5 3 f
[7]
S <
g 5 °
&10- z
= d e
= — Y Ga Fe Nd Cr Ce Al Cu CaMg Zn Ni
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5 5 < 2121
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Coordinating metal ions 10 R Y GaFe Nd Cr Ce Al Cu CaMg Zn Ni

Figure 5. Versatility of the freeze-thawing—drying (FTD) method to fabricate MPN foams. a) Normalized strength of MPN foams prepared at TA and
condensed tannin (CT) contents fixed at 10%, but with various metal ions. b) Visual examples of MPN foams obtained with the FTD method, including
Cu CNF/CT-MPN, Al") CNF/TA-MPN, Ce("" CNF/TA-MPN and Ce(") CNF/CT-MPN, and Fe("! CNF/TA-MPN. c) The cohesion of the MPN
network and, consequently, the foam depends on the ligand—metal binding, which was assessed using d) 3D map of specific strength as a function of
valency and chemical hardness. e) MLR model, accounting for valency and chemical hardness, can predict with high accuracy the cohesion of the e;)
CNF/TA- and e;) CNF/CT-based MPN foams.
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CNF/TA-MPN, and Ce™ CNF/CT-MPN, as well as the Fe(!!)
CNF/TA-MPN (Figure 5b). The only factor varying was the
ion-ligand interaction taking place during the MPN assembly
(Figure 5c). We used multiple linear regression (MLR) to
empirically assess the relevance of the properties of the chosen
metal ion on the metal-tannin interactions that lead to MPN
formation and affected the mechanical properties of the pro-
duced foams (Figure 5d). We used the valency and the chemical
hardness of the metal ion to fit the results via MLR. The lack of
correlation in the MLR partials (Figure S17, Supporting Infor-
mation) indicates that none of the chosen ion properties indi-
vidually explain the resulting cohesion of the MPN; however,
valency has a more important effect than the second most rel-
evant property, i.e., chemical hardness (Figure S18, Supporting
Information). The charge of the respective metal ion, i.e., its
valency, has been reported to play a key role in the MPN for-
mation,”! since multivalent ions form covalent cross-links with
polyphenols.’?l The higher the valency, the more binding sites
are available and higher cross-linking density can be achieved,
explaining the strong influence on the foam properties. Apart
from valency, we used the chemical hardness, a numerical value
calculated based on the “hard and soft acids and bases” (HSAB)
concept, also known as the Pearson acid base concept.’’] The
HSAB was used to explain the stability of bonds, in which, com-
pared to a soft specie, a hard specie has a small radius, a high
charge density, and is less polarizable.”! Based on the HSAB
concept, a hard acid and a hard base form a stronger bond than
a combination of hard and soft, and vice versa. The chemical
hardness considers the electronic energy and is proportional to
the ionization potential and electron affinity,1*3 which can differ
significantly also in between metals with the same valency and
are dependent on the electron configuration of the ion.

When plotting a 3D map of the strength as a function of
valency and chemical hardness, we observed a performance
that is consistent across tannin ligands. The strength of the
MPN foams was maximized when using metal ions of valency
3 and hardness ranging from 12 to 16 eV (Figure 5d). This
range is noted to be the best match of hard—hard interactions
between the metallic ions and the OH™ (a hard basis with hard-
ness of 6.8 eV) from the ligand in the assembly of cohesive
metal-phenolic networks. MLR models built with the original
data were prepared to determine the strength by using valency
and chemical hardness as independent variables. Figure 5eje;
shows that valency and hardness of the metal ions predict with
good accuracy the strength of the resulting MPN foams. There
are certain outliers in the model, which are likely due to the
rather complex MPN network formed and other effects such
as local pH environment.’*>°] Moreover, our empirical MLR
model is demonstrated to be a straightforward tool to support
further optimization of properties of CNF-enabled MPN porous
materials, as well as several other MPN nanostructures (e.g.,
capsules and films).

3. Conclusions

We developed a robust and versatile framework to fabricate
MPN foams, whose physical-mechanical properties are tailor-
able by selecting the type and concentration of polyphenolic
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ligands, i.e., tannic acid or condensed tannin. The method
consists of promoting the assembly of MPNs in situ after the
tannin-containing CNFs have been already ice-templated. With
this strategy, one can obtain foams with compression strengths
as high as 250 kPa, and shrinkage as low as =5%. The content
and type of tannin can be easily manipulated to tailor the foam
structure and density of metal ions. Due to the varying tested
metal-ligand interactions, a toolbox for preparing MPN foams
with predictable properties is possible. CNF/condensed-tannin-
based MPN foams were weaker, due to the lower ability of con-
densed polyphenol to bind multivalent metal ions. Overall, this
work describes a freezing—thawing—drying method to fabricate
MPN foams and factors the influence of tannin type, content,
and metal ion used for MPN assembly. The resulting foams can
be further applied in, for example, catalytic platforms based on
Fenton reactions in Fel™-based MPN,2! batteries for Zn(-
based MPN, P fire-retardant materials (Figure S15, Supporting
Information) and coatings,¥) and antimicrobial materials for
Cul™-based MPN,5”l among others. However, more studies are
required to assess the stability of MPN foams in technically rel-
evant media, for instance, for given solvents and electrolytes.

4. Experimental Section

Materials: Iron(l11) nitrate nonahydrate (CAS no. 7782-61-8), nickel(ll)
nitrate hexahydrate (13478-00-7), neodymium(lll) nitrate hexahydrate
(16454-60-7), copper(ll) nitrate trihydrate (10031-43-3), aluminum(lll)
nitrate nonahydrate (7784-272), zinc nitrate hexahydrate (10196-18-6),
cerium(l11) nitrate hexahydrate (10294-41-4), calcium nitrate tetrahydrate
(13477-34-4), gallium(I1l) nitrate hydrate (69365-72-6), yttrium(lll) nitrate
hexahydrate (13494-98-9), chromium(lll) nitrate nonahydrate (7789-02-
8), and magnesium nitrate hexahydrate (13446-18-9) were purchased
from Merck and used as received. Two tannin types were considered,
TA (1401-55-4) supplied by Merck, and a CT extracted from the bark of
black wattle (Acacia mearnsii), which was kindly donated by TANAC S/A
Brazil. Ethanol (99.5% purity) was purchased from Anora Industrial Oyj,
Finland.

Preparation of Tannin-Containing CNF: Never-dried bleached kraft
birch pulp was diluted to 0.85% w/v in deionized water. TA or CT was
added to the fiber suspension (2.5%, 5%, 10%, 25%, and 50% over
mass of fibers) under gentle agitation. The fibers were first processed
in a high-shear homogenizer for 5 min at 10 000 RPM (T18 ULTRA-
TURRAX — IKA) and then fibrillated using a high-pressure microfluidizer
(Microfluidics M110P) operating with one pass through 400-200 um
chamber followed with 6 passes in a 200-100 um chamber at 2000 bar.

MPN Foam: CNF suspensions, containing or not tannins, were cast
in 5 mL polydimethylsiloxane containers and immediately placed in a
freezer at —16 °C where they were kept for 12 h. The frozen precursors
were thawed for 2 h in either pure ethanol or ethanol solutions
containing metal nitrates at given concentrations. Then, the samples
thawed in metal solutions were transferred to pure ethanol for another
2 h, in order to remove any excess or unbound metal ions. A volume
ratio of 20:1 of thawing/washing medium to frozen suspension was
used for all samples. The samples were removed from the container and
allowed to dry in air at room temperature (25 °C) until reaching constant
mass, and then they were placed in an oven at 60 °C for 1 h to eliminate
residual ethanol. The dimensions of the frozen system and dried foams
were used to calculate the shrinkage after drying.

Mechanical Characterization: The mechanical strength of the foams
was evaluated by uniaxial compression using a TAXTplusC Texture
Analyzer. The measurements were carried out at a compression rate
of 0.10 mm s™' and within a conditioned environment (23 °C and 50%
of relative humidity).
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UV-Vis: The UV-vis absorbance of the CNF, tannins, iron nitrate
solutions, and their combinations was recorded in a Shimadzu UV-2550
spectrophotometer (Shimadzu Corporation, Kyoto, Japan) in the
wavelength range of 200-800 nm. All measurements were carried out at
room temperature.

Rheology: The apparent viscosity was measured using a rheometer
(MCR 302, Anton Paar, Germany) equipped with parallel plates (PP25)
and a gap fixed at 1 mm. The shear viscosity was monitored at varying
shear rates (0.01-100 s™'). For dynamic viscoelastic measurements, the
linear viscoelastic range was determined with a strain sweep (0.01-100%)
at a fixed frequency of 10 rad s7. After this, a dynamic frequency sweep
(0.1 and 100 rad s™') was conducted using the parallel plate geometry
(PP25) with a gap fixed at 1 mm and by applying a constant strain of
0.1%, which was within the nearly linear region. The dynamic profiles
were obtained by recording the storage (G’) and loss (G”) moduli as
function of frequency. All measurements were performed at 23 °C. The
use of a covered parallel plate edge was noted by using silica oil, which
prevented sample evaporation during the tests.

Imaging by Scanning Electron Microscopy (SEM): Field-emission
SEM was carried out in a Zeiss Sigma (VP, Germany) using an
acceleration voltage of 1.5 kV. The samples were coated with a 4 nm
thick gold/palladium layer on a Leica EM ACE600 high vacuum sputter
coater.

Indentation/Adhesion by Atomic Force Microscopy: CNF, CNF/tannins,
and CNF/tannins—MPN suspensions were diluted to 0.01 mg L™ (over
fibril mass) and then dip cast on a freshly cleaved mica substrate.
The samples were allowed to air dry before indentation/adhesion
experiments. The force curves were obtained in a Nanowizard 4 (Bruker,
Germany) AFM using a cantilever with an 8 nm radius spherical
tip (nominal spring constant of 40 N m™ and a resonance frequency
of =260 kHz). QI mode was used to obtain force—distance curves in
several places on 20-30 nm wide fibril bundles. The vertical deflection
was set at 200 nN, with 100 nm approach and retract distances at a
2 um s~ rate.

Fire Retardancy Assay: The resistance of the MPN foams to fire was
assessed using a butane flame (burning temperature of =1500 °C)
in contact with the samples for 2 min. The mass loss was used as a
quantitative result of the fire retardancy of the foams, further verified by
photographs taken during the burning tests.

Statistical Analysis: Descriptive statistical analysis was used to
describe the data obtained in the experiments related to the physical
and mechanical properties. The normal distribution of the data was
verified before plotting the averaged result along with its standard
deviation. MLR was used to identify the most important factors,
related to the metal ions affecting the strength of MPN foams. For this,
nontransformed data of strength were used as dependent variable, and
valency and chemical hardness as independent variables. The quality
of the fitting was verified by the residual sum of squares, coefficient
of determination, and value P. The weight of each variable on the
resulting property was assessed using the values of the MLR coefficients
corresponding to each independent variable. At least five replicates were
used in each (quantitative) experiment.

Supporting Information

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