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HIGHLIGHTS

« Aligned Ti3C,Ty/CNF/PVA hybrid
cryogels were prepared by freeze-
drying.

« Cell and surface structure of cryogels
was manipulated by simple
adjustments to freezing process.

« The GHz and THz signal permittivity
of cryogels was dominated by their
surface structure.

« The combination of designed bulk
and surface layer could compensate
even 20 wt % higher filler contents.

« The produced green cryogels proved
to be efficient in EMI shielding.
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ABSTRACT

Anisotropic, nanoporous structures are promising materials for manipulating the propagation of electro-
magnetic waves at millimeter and sub-THz frequencies as well as for electromagnetic interference (EMI)
shielding with rapidly evolving green electronics. In this work, cell and surface architecture of sustainable
hybrid cryogels of cellulose nanofibers, polyvinyl alcohol (PVA) and TisC,Tx MXene was controlled to
adjust their GHz and THz dielectric permittivity and EMI shielding performance. Temperature gradient
freeze-drying was used to obtain aligned honeycomb and lamellar pore structures with specific surface
layer designs. The millimeter wave permittivity varied relative to thickness direction as the side of cryo-
gels that was directly exposed to cold gradient had systematically a higher permittivity. This anisotropy
was caused by a thin, smooth outermost surface layer covering the open core structure. The surface
designs of all cryogels dominated signal permittivity, and the effects of higher MXene dosages could
be offset by the surface layer. Cryogels with dense surface layer containing 70 and 50 wt % of MXene dis-
played very high average attenuation levels of 52.1 and 37.2 dB, respectively. Overall, the results show
that the structural design of porous hybrid material can be used to adjust their EMI shielding perfor-

mance at GHz and THz frequencies.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Electromagnetic interference (EMI) is a growing concern [1-4]
with rapidly advancing electronic systems and equipment used
e.g., in telecommunication [5], health care and biomedicine [6],
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and military [7]. All electric devices and components, such as
emerging wearable and portable electronics, emit electromagnetic
waves that, if not adequately shielded, can interfere with neighbor-
ing component, the actual device, other electronic devices, or users
[3,4]. The ubiquitous consumer electronics have augmented the
EMI difficulties causing telecommunication signal interference
resulting in slower data rates and connection problems [8]. There-
fore, the device must be protected from interfering signals scat-
tered everywhere in modern society. EMI shielding materials
attenuate electromagnetic waves by reflection and absorption,
with absorption often being the preferred mechanism. Particularly
advantageous is that EMI absorbers can eliminate secondary elec-
tromagnetic pollution by preventing secondary reflections, which
is critical e.g., in stealth applications [9-11].

Light-weight porous structures are attractive designs for EMI
shielding as the large solid-air interface area promotes reflection
and absorption of electromagnetic radiation [12-14]. Besides bulk
porous solids relying on synthetic materials such as polyurethane
[15-17], melamine [18-20] or polystyrene [21-23], nanoporous
aero- and cryogels made from biopolymers using supercritical or
freeze-drying processes offer sustainable alternatives to fabricate
high-performance EMI shields [24-27]. Especially, elongated and
flexible nano-entities derived from cellulose, that is, cellulose
nanofibers (CNF), can be used as a skeleton for mechanically robust
nanofoams [28-31]. The three-dimensional (3D) interconnected
network of CNF can be incorporated with conductive fillers, such
as silver nanowires [32,33], carbon nanotubes [34,35], or graphene
[36,37], to produce environmentally friendly and durable EMI
shielding materials needed for sustainable electronics manufactur-
ing. Recently, MXenes, 2D transition metal carbides, especially Tis-
C,Tx, have shown excellent electrical properties for future EMI
shielding designs [4,17,38,39]. MXenes have a general formula of
Mp+1XnTx, where M is a transition metal, X is carbon or nitrogen,
and Ty represents a surface termination. [40-42].

Anisotropic structures are promising for EMI shielding pur-
poses, particularly as their reflection and attenuation features
can be adjusted by the cell orientation relative to impinging elec-
tromagnetic waves [43]. In addition to typical randomly oriented
or unidirectional honeycomb structures, more complex pore cell
architecture such as bi- or multidirectional orientation or lamellar
cell walls connected via CNF bridges [44,45] can be manufactured
by using more than one temperature gradient. These structures
have already shown promising results in EMI shielding in compos-
ites based on graphene [46] and MXene [47,48]. Different layered
designs can also be used to manipulate the propagation of EM-
waves [49-51]. Controlled 3D structures can have a remarkable
effect on material performance [49-51] and can help to obtain an
improved EMI shielding properties. Previously only a few green
cryogel hybrids of nanocellulose and MXene with isotropic or ani-
sotropic structures have been revealed [43,52,53] and to the best of
our knowledge the effect of surface structure of cryogels on atten-
uation of electromagnetic waves is unexplored. In this study, the
role of cell architecture of cross-linked hybrid cryogels of cellulose
nanofibers, polyvinyl alcohol (PVA), and Ti3C2Tx MXene in mil-
limeter wave permittivity and EMI shielding performance was elu-
cidated. Based on oriented temperature gradient freezing,
honeycomb and lamellar cryogels were designed with different
surface architectures to achieve higher attenuation levels with as
little material as possible. By adjusting only the freezing method,
both the bulk and surface structure could be controlled to form
efficient EMI shielding cryogels from sustainable raw materials.
Simulations and experiments were used to characterize material
loss and permittivity at millimeter and sub-THz frequencies.
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2. Experimental section
2.1. Materials

Cellulose nanofibers were prepared using a mechanical grinding
method adopted from Laitinen et al. (2020) [54]. First, 100 g (abs.)
birch cellulose pulp from UPM (Finland) was soaked with 2000 g of
deionized water overnight. Then, using a wet disintegrator at
30,000 rpm, three parallel pulp batches were wet disintegrated
in accordance with ISO 5263-1:2004. Next, 100 g of disintegrated
pulp with a consistency of 1.5 wt % was ground using a Masuko
supermasscolloider (MKCAG6-2], Japan). The pulp was passed
through the grinder 14 times using the following grinding stone
gap values: 0 pum for three times, —20 pm for three times,
—40 pm for three times, —60 pum for three times, —80 pm once,
and —90 pm once. Finally, 1.7 wt % nanocellulose suspension
was collected and stored at 4 °C.

TizAlC; MAX phase (400 mesh) was obtained from 11Technol-
ogy (China). PVA (87 %-89 % hydrolyzed, MW 85,000-124,000)
and LiF (99.995 %) were ordered from Sigma-Aldrich (Finland).
HCl 37 % (analytical grade) was purchased from VWR Merck
(Finland).

2.2. Preparation of MXene ink

TizC,Tx MXene nanoflake ink was prepared by the method pro-
posed by Alhabeb et al. [12]. First, 30 ml of 9 M HCI was added to a
PTFE bottle and 2.4 g of LiF was carefully mixed in small portions
with HCl with continuous stirring. The bottle was then placed in
an ice bath, and 1.5 g of MAX phase was added gradually. The mix-
ture was continuously stirred and left to react for 24 h at room
temperature. The entire synthesis process was conducted in a fume
hood to eliminate possible in-situ formed HF gases. After 24 h, the
mixture was pipetted into four 50 ml centrifuge tubes, which were
then filled with deionized water and centrifuged at 1900 G for
5 min. The supernatant was carefully decanted, and the residual
MXene sludge was re-dispersed in two centrifuge tubes, each filled
with 40 ml of deionized water, and the washing process was
repeated until the pH of the supernatant was ~ 6. The bottles were
vigorously hand-shaken for 15 min and then centrifuged at 1900 G
for 1 h. Finally, the obtained single (or few) layered MXene ink was
collected and stored in closed glass vials at 4 °C. The synthesis was
repeated five times, after which the MXene inks were combined
and concentrated with a vacuum rotary evaporator to prepare
aqueous inks with concentrations up to 27.3 mg/ml.

2.3. Preparation of aligned hybrid cryogels

The cross-linked and conductive hybrid cryogels of CNF, PVA,
and MXene ink were fabricated by first mixing 1.7 wt % CNF hydro-
gel with 4.0 wt % PVA solution in a weight ratio of 3:4 and diluting
the solution to 8 mg/ml with deionized water. The cross-linking
reaction between CNF and PVA was allowed to react under contin-
uous stirring for 2 h at room temperature. Then, concentrated
MXene ink was bath sonicated for 2 min before dosing (70 wt %,
50 wt %, 30 wt %, and 10 wt %) to the CNF-PVA mixture, after which
the solution was further stirred for 2 h. The mixture was poured
into 50 x 50 x 3 mm PTFE molds and frozen on a copper plate
placed in liquid nitrogen. The anisotropic cell structure of the cryo-
gels was controlled by placing the mold on a copper plate in differ-
ent positions (Fig. 1a). First, the mold was placed vertically, i.e.,
with its 3 x 50 mm side (side 4) against the cold finger, resulting
in a unidirectional A-type sample. B-type samples were frozen uni-
directionally with their 50 x 50 mm side (side 3) facing the copper
plate. C-type samples with two directional layers were created
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a)

Fig. 1. (a) Geometry of a freezing mold, (b) oriented hybrid cryogels with honeycomb (a and b), two-layer honeycomb (c), and lamellar structure (d).

using first horizontal freezing direction (side 3) and then turning
the mold when the freezing was halfway to stand on side 4. D-
type samples were frozen with side 3 against the cold finger, so
the mold was influenced by two cold gradients, one from the cold
finger and another from evaporating nitrogen around the mold.
After the directional freezing, the samples were freeze-dried
at — 54 °C using a Scanvac Coolsafe freeze-dryer (55-15 Pro, Den-
mark) with a vacuum pressure of ~ 0.01 mbar for 36 h. The hybrid
cryogels were named according to the freezing method (A, B, C, and
D) and MXene wt % (10, 30, 50, and 70). A 100 % MXene cryogel
was fabricated as a reference.

2.4. Characterizations

XRD measurements for drop-casted MXene films were made
with a Rigaku SmartLab 4.5 kW (Japan) with a Co source (40 kV
and 135 mA) Cu K-p at a scan rate of 4° min~!, scan angle 26 of
5°-80° and a step of 0.02°. X-ray photoelectron spectroscopy
(XPS) analysis was conducted using the Thermo Fisher Scientific
ESCALAB 250Xi XPS System (UK). MXene ink was drop-casted on
a Si plate and measured with a K-a source with passage energies
of 150 eV for a survey and 20 eV for high-resolution spectra. The
surface layer of the cryogels was scratched off for analysis, and
the measurement was conducted similarly. Field emission scan-
ning electron microscopy (FESEM) (JEOL JSM-7900F, Japan) was
used to characterize the morphology and cell structure of the
platinum-coated cryogel samples with an acceleration voltage of
5 kV. FESEM images were taken from cutting angles perpendicular
and parallel to the cold finger (cutting angles 1&2 in Fig. S6c¢).
Transmission electron microscopy (TEM) images and energy-
dispersive X-ray spectroscopy (EDS) data were obtained using
TEM (JEOL JEM-2200FS, Japan) with an acceleration voltage of
200 kV. A laser diffraction spectrometer (Malvern Zetasizer Nano,
UK) was used to measure flake size distribution and zeta potential
of MXene ink. Cryogels’ physical dimensions were used to calculate
their densities and porosities (Table S1). Zwick/Roell universal test-
ing machine (Germany) was used to measure the compressive
strength of aerogels.

2.5. Permittivity and EMI shielding measurements

Millimeter wave material characterization and conductivity
measurements were performed with the reflection signal measure-
ments (DAK3.5-TL-P: 200 MHz-20 GHz by Speag corporation,
Switzerland), transmission/reflection signal measurements with
WR-42 waveguides (18-26.5 GHz by Keysight corporation, USA),
and the THz characterization with Terapulse 4000 (60 GHz-2.5
THz, Teraview corporation, UK). The measurements were con-
ducted from both sides of the specimens. Scattering parameters
from vector network analyzer from DAK and waveguide measure-

ments were calculated either as permittivity or loss values. DAK
measurements present the material characteristics in terms of
the measurement probe’s physical location at 3 mm wide spot with
the reflected circular polarized signal. Waveguide measurements
show the material characteristics of a 10 x 4 mm sample with
the transmitted linear polarized signal, while Terapulse measure-
ments depict material characteristics of a 12 mm-diameter disc
using a transmitted linear polarized signal. Thus, DAK indicated
the permittivity characteristics on the surface position without sig-
nal vector orientation, whereas waveguide and Terapulse measure-
ments presented permittivity characteristics through the material
sample with the signal vector orientation related to the material’s
structural orientations, as shown in Fig. 2. Material permittivity
was calculated using commercial software form Speag, Keysight,
and Teraview. Permittivity formulas [56] and material parameters
were simulated with CST Studio Suite 2021.

3. Results and discussion

Aligned and cross-linked hybrid cryogels of cellulose nanofi-
bers, PVA, and TizC,Tx MXene were designed by controlling the cell
architecture during the freeze-drying process. Temperature gradi-
ent freezing resulted in hierarchical and highly porous structures
with unidirectional honeycomb (A- and B-type samples), two-
layered honeycomb (C-type samples), or lamellar (D-type samples)
pore architectures (Fig. 1). The conductivity of the cryogels was
adjusted by incorporating colloidal one- or few-layered TizC,Tx
MXene ink, which was synthesized by etching the Al layer from
the Ti3AlC, MAX phase. After that, experiments and simulations
were used to elucidate the role of anisotropic pore alignment of
cryogels in permittivity, loss characterization, and EMI shielding
properties at millimeter and sub-THz frequencies.

3.1. MXene ink

MXene ink was exfoliated using MILD-method [55] in which the
TizAlC, MAX phase is first etched to remove the Al layer, and the
synthesized Ti3C,Txy MXene multilayered flakes are further delam-
inated by intercalation of Li* ions originating from LiF. The synthe-
sized MXene ink had a greenish color, a distinct feature of colloidal
Ti3C,Tx dispersion [57]. The MXene ink also exhibited a Tyndall
effect (Fig. S1a and b), indicating the formation of a stable colloidal
dispersion of Ti3C,Ty flakes. [58] FESEM images (Fig. 3a and b) of
the MAX phase before and after the etching and delamination
treatment corroborated that the MAX phase was effectively con-
verted into MXene flakes. The presence of single and few-layered
Ti3C,Tx flakes was confirmed by TEM (average single-flake thick-
ness of 0.9 nm, Fig. 3¢, and S1c) and their hexagonal structure by
diffractogram (Fig. S1d). The XRD analysis of the MAX phase and
drop-casted MXene film (Fig. S2) showed that the 002 peaks of
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Fig. 2. Electric field vectors and propagation characteristics used in material characterization performed with DAK, waveguide, and Terapulse devices. Electric field vectors on
sample surfaces are presented on the left, and corresponding wave propagation is illustrated on the right.

Fig. 3. FESEM images of (a) MAX phase and (b) a few-layered MXene flake on paper substrate, and (c) TEM image of two-layered MXene flakes on a carbon grid with insert of

a close-up of flake layers.

MXene were shifted to lower 20 angles (centered at 8.22°) because
of enlargened d-spacing caused by the removal of Al layer [55,57].
Additionally, the delaminated flakes reassembled into a film-
aligned in-plane, which caused domination of 00 L peaks in the
spectra. The peak broadening indicated a decrease in the crys-
talline size of MXenes compared to MAX phase powder. Drop-
casted MXene films were also analyzed with XPS (Fig. S3), which
displayed that Al peaks disappeared [57]. EDS analysis further con-
firmed this phenomenon (Fig. S4, Table S1). According to size dis-
tribution analysis (Fig. S5), MXene flakes had a median lateral
diameter of 5.7 pm.

3.2. Structure of aligned hybrid cryogels

All the CNF/PVA/MXene hybrid formulations formed self-
standing and flexible porous nanofoams having a dark appearance
caused by the MXene (Fig. 4). The PVA reinforced the cryogel struc-
ture, and the used PVA dosage was optimized in our earlier study
[59]. The samples with 30 wt % or higher MXene content were
more durable and had fewer cracks and defects than those with
10 wt % of MXene. Densities of the cryogels (MXene content from
10 to 70 wt %) varied from 9.3 mg/cm? to 27.7 mg/cm> and porosi-
ties from 98.9 % to 99.4 % (Table S2). These ultra-high porosities are
comparable to those previously reported [60-63] for pure aerogels
and cryogels of nanocelluloses, and show that the MXene was
mainly adhered on the CNF surfaces without significantly filling

the open pores of the nanofiber network. The hybrid cryogels could
be easily bent and were durable when an external force was
applied parallel to the freezing direction (Fig. 4). However, the
cryogels became stiffer and lost some flexibility with increasing
MXene concentration. On the other hand, 10 wt % samples could
not resist deformations from mechanical stress so well. The dura-
bility and compression strength of a hybrid cryogel having a
MXene content of 50 wt % (A50) was displayed by loading the cryo-
gel with a 500 g weight (Fig. 4b) without any visible deformations
in cryogel structure. Compression strengths measured with Zwick
for A10 and A50 are presented in Fig. S8. The cryogel prepared
directly from pure MXene in the absence of a supporting CNF-
PVA network was, in turn, very weak and dusty and could not be
properly handled. However, the pure MXene cryogel had a very
low density of 0.9 mg/cm?, which caused the formation of a
ribbon-like structure (Fig. S6a).

The structure and cell alignment of hybrid cryogels were inves-
tigated more closely by FESEM imaging. The A-type samples
(Fig. 4d) were remarkably stronger and displayed fewer structural
deformations than those prepared with other methods. These cryo-
gels comprised a rather uniform and typical honeycomb structure,
the pore channels having unidirectional and vertical (from side 1 to
side 4, Fig. 1) alignment. B-type samples had a similar unidirec-
tional structure to A-type cryogels, but the honeycomb cells were
oriented horizontally, from side 2 to side 3. C-type cryogels had a
two-layered structure consisting of two combined sections of hor-
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before

undirectional freezing

bidirectional freezing

Fig. 4. (a) Hybrid cryogel of cellulose nanofibers, PVA, and ti;C,Tx MXene standing on a flower (A50). (b) Cylindrical hybrid cryogel (A50) before and after carrying a 500 g
weight. (c) Cryogel (A30) being bent. FESEM images of (d) A-type and (e) D-type cryogels consisting of the honeycomb structure and stacked lamellar sheets, respectively, and

(f) Graphical presentation of A and D-type cryogel structures.

izontally and vertically oriented pores (2/3 and 1/3 of the thick-
ness, respectively), which were perpendicular to each other. The
cell structure of D-type cryogels resembled uniformly oriented
stacked lamellar sheets loosely connected to each other with
“bridges” (Fig. 4e). The lamellar structure was obtained using a
bidirectional freezing process similar to that presented in previous
studies [44,45,64,65]. The bidirectional temperature gradient was
formed when the thin mold (3 mm) was placed on the cold finger
(the first gradient from side 2 to side 3) and simultaneously, the
sample stayed covered with evaporated nitrogen (the second gra-
dient from side 1 to side 4). Unlike the D-type samples, B-type
samples were affected by the single gradient from the cold finger.
The bidirectional temperature gradient significantly affected the
pore size of the cryogels as the average distance of cell walls was
roughly 35 um for A-, B- and C-type samples and 110 pum for D-
type samples. Additionally, B-, C-, and D-type samples had a sur-
face layer of around 100-200 pum on the side that faced the cold
finger. Near the sample surface, the structure was more random,
and below this layer, the pores were remarkably smaller than in
the main body of the sample (Fig. S7f). Fig. S7 shows the cross-
section profiles of cryogels.

3.3. GHz and THz permittivity of anisotropic cryogels

The electromagnetic interaction between dielectric materials is
described by dielectric permittivity (&) and loss factor (tand).
When an electromagnetic wave interacts with a dielectric material,
the internal dipoles of the material are reorganized with the elec-
tric field, thus resulting in an additional electric dipole, and the
material becomes polarized. The degree of polarization to the

applied electric field relative to the vacuum gives the relative
dielectric permittivity. The real part of permittivity (€/) describes
energy stored, whereas the imaginary part (€]) describes the loss
of energy as shown in Equation (1):

&r(w) = & (@) — &/(w) (1)

3.3.1. Permittivity of unidirectional hybrid cryogels (A-type) at
200 MHz-20 GHz

Using reflection signal measurements from a DAK device (from
200 MHz to 20 GHz (Fig. 5)), the permittivity of aligned, anisotropic
A-type cryogels was analyzed. The permittivity followed the
MXene concentration linearly so that the highest permittivity val-
ues were achieved with the highest MXene loading, the MXene
increases the charging dipoles in the material (Fig. 5a). Permittivity
decreased as expected for all samples when moving to higher fre-
quencies. The relationship between oscillation frequency and the
mass inertia is related to the angular frequency (), which affects
the permittivity. A fast decrease in permittivity was observed,
especially with high MXene loadings (A50 and A70) in the fre-
quency range from 200 MHz to 20 GHz, after which a plateau level
was reached, the maximum level being 19.7 with A70, 14.5 with
A50, 6.3 with A30, and 2.0 with A10 at 20 GHz. Loss tangent values
of permittivity increased as a function of MXene dosage similarly
to real permittivity values, with the exception that A70 had a lower
permittivity. However, due to the low permittivity of the calibra-
tion material, the DAK measurements suffered from resonances
at 7.5 GHz and 15 GHz, which made it difficult to determine the
value of the loss tangent, especially at higher permittivity levels.
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Fig. 5. Permittivity of hybrid unidirectional A-type cryogels from 200 to 2500 MHz. (a) Real part and (b) Loss tangent value (Imaginary part) of permittivity as a function of
MXene dosage and surface properties (A10, A30, A50, and A70) (c) Role of cryogel side of samples with same MXene concentration in real permittivity (side exposed to T
gradient and opposite side), and (d) loss tangent, and the surface of (e) T exposed side and (f) Opposite side of A70.

Internal cell structure, surface properties, and anisotropic mate-
rials’ orientation can have a remarkable impact on material dielec-
tric permittivity. Thus, the DAK device was used to measure all
samples from both sides with reflected and circular polarized elec-
tromagnetic waves. Moreover, each sample was analyzed at five
different physical locations, and the average value was calculated.
The anisotropy of hybrid cryogels (relative to thickness direction)
was clearly noted as the side which was directly exposed to cold
gradient had systematically higher permittivity (Fig. 5a, c) and loss
tangent (Fig. 5b) compared to the opposite side. For example, A70
had a permittivity of 20 on the exposed side and 15 on the covered
side. This phenomenon was presumably due to a difference in sur-
face structure, the side exposed directly to cold gradient having a
separate thin and smooth outermost surface layer covering a uni-
directional open honeycomb core structure (Fig. 5e). In contrast,
this layer was absent on the opposite side (Fig. 5f). Overall, the per-
mittivity values indicated that the smooth surface promoted elec-
tromagnetic wave attenuation due to higher permittivity and
reflection. Therefore, unless otherwise stated, further analyses
were always conducted from the exposed side (having the smooth
and thin surface layer, also B-, C-, and D-type samples).

3.3.2. Comparison of GHz and THz permittivities of different cryogel
architectures

The role of cell orientation in permittivity at 200-20000 MHz
and 100 GHz to 1 THz was examined using A-, B-, and C-type uni-
directional and two-layered cryogel designs with a constant
MXene content of 10 wt % (Fig. 5¢ and d). The highest permittivity
was observed with a unidirectional structure having the structured
honeycomb cells aligning with the signal source (B10). The second-
highest permittivity was showed by C10, which consist of two lay-
ers of pores oriented parallel and perpendicular toward the signal
source. Contrary to these observations, it has previously been
observed that a structure with a cell aligned perpendicular to the
signal source can attenuate wave front propagation more effec-

tively [43,66]. In this study, the surface structure of cryogels
seemed to dominate signal permittivity, while the influence of
inner cell structure was not measured separately. This behavior
was probably because of the freezing technique, which formed a
dense structural surface layer on the side exposed to a temperature
gradient. This layer was also created between the pore interfaces of
C-type structures (Fig. 6g). The layer improved the attenuation of
the wave front significantly, the increase in real permittivity being
over 60 % with B10. The surface layer could compensate for the
effects of higher MXene dosages. For example, sample A50 from
the exposed side had real permittivity of 20.1, whereas, with A70
from the covered side, it was only 18.2 at 8 GHz. Loss tangent val-
ues varied only slightly, being the lowest (0.1) for A10, and B10 and
C10 having similar values (0.15). The unidirectional honeycomb
structure was also compared to a bidirectionally frozen lamellar
D-type sample. The bidirectional structure continuously had a
higher permittivity than the A-type cryogel with a honeycomb
structure. At 8 GHz, the real permittivity of D50 was 23.8, whereas,
for A50, it was 20.1. This result was presumably caused by the den-
ser surface structure of D-type sample perpendicular to impinging
electromagnetic waves throughout the sample, which promoted
the permittivity and resulted in a higher permittivity than the A-
type sample (Fig. 5d). In addition, the lamellar structure itself likely
increased the permittivity [67]. Same trends were also observed in
conductivity measurements, whose results are presented in
Table S3.

During the DAK analysis, a circular polarized “U” shaped electric
field was created at the end of the probe (Fig. 2). The cell wall posi-
tion related to electromagnetic waves differed from the waveguide
or Terapulse analyses with a vertical electric field because the elec-
tric field does not pass the sample but turns back after penetrating
the sample surface. A vector of an electromagnetic wave parallel to
sample surface dominates in the DAK measurement. Therefore, B-
and C-type samples with cell walls oriented perpendicular to the
electromagnetic field notably affected wave propagation. The A-
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type sample had instead open structured honeycomb cells in this Using the Terapulse device, the permittivity of hybrid cryogels
direction, allowing wave propagation with lower interactions with containing 10 wt % of MXene was also displayed at higher frequen-
the material. cies from 0.1 to 1 THz. Higher MXene concentrations completely
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blocked the waves, making it impossible to measure them. The
measured permittivity of all samples was between 5 and 6 at 0.1
THz and decreased to 2 or below at 1 THz, while loss tangent val-
ues were between 0.2 and 0.3. However, the original signal power
decreased significantly in these measurements because of the high
thickness of the samples, and the permittivity calculation might
suffer for inaccuracies.

3.4. EMI shielding efficiency of cryogels from 200 MHz to 20 GHz

EMI shielding performance of materials is often evaluated in
terms of application-specific parameters, that is, EMI shielding effi-
ciency (SE). SE describes the attenuation of an electromagnetic
wave as a ratio of measured energy or intensity of signal before
and after passing the shielding material in decibel units [3]. Total
shielding efficiency (SEy) composes of reflection, absorption, and
internal reflections, of which the latter can be neglected when
using multilayered shielding materials, such as MXenes, and
higher EMI SE values since the internally reflected waves are
absorbed by the material when its thickness exceeds the skin
depth or SE5 > 10 dB [9,68]. Absorption is often the preferred
shielding mechanism because reflection may cause secondary sig-
nal pollution to the surrounding environment [69-72].

In many commercial applications, 20 dB is considered a suffi-
cient attenuation level [3,73], meaning that 99 % of incoming
energy is blocked. Shielding efficiency from reflection (SEgr) for
absorber materials should be less than 3 dB to enable the absorp-
tion to dominate [74]. The shielding efficiencies were measured
from the unidirectional honeycomb, two-layer honeycomb, and
lamellar cryogel designs from 200 to 20,000 MHz. Here, the com-
mercial guideline of 20 dB was easily achieved with samples with
70 and 50 wt % MXene. The highest SE value was achieved with the
highest MXene concentration, with A70 at 52.1 dB at 20 GHz
(Fig. 7a). The SE decreased with decreasing MXene concentration
resulting in 37.2, 17.8, and 6.4 dB for A50, A30, and A10, respec-
tively. The results followed the trends observed in permittivity
measurements for different cryogel structures. SEr at 20 GHz for
B10 and C10 were 8.4 and 12.3, whereas A10 achieved only
6.4 dB. Similar to permittivity, the dense surface structures in B-,
C-, and D-type samples seemed to improve the shielding perfor-
mance and be the dominating factor for the EMI shielding perfor-
mance. The total attenuation increased as the frequency
increased because the attenuation constant is proportional to the
material’s frequency and permittivity values of the material [75].

The role of cryogel structure in shielding performance was
demonstrated in terms of SEr, SEg and SE, and is presented in
Fig. 7b and c and at 12 GHz in Table 1. For the highest MXene con-
centration, SE5 was 49.2 dB, while SEg remained at 2.3 dB at
20 GHz. For samples A10, B10, and C10, the SEg was 0.3, 0.5, and
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Table 1

Shielding efficiency parameters for cryogels at 12 GHz.
Sample SEa SERr SEr
A10 2.5 0.4 2.9
B10 3.5 0.6 4.1
c10 6.0 1.0 7.0
A30 8.8 1.2 10.0
A50 21.8 21 239
D50 28.8 2.8 31.6
A70 33.7 2.8 36.5

0.8 dB at 20 GHz, respectively. Absorption was observed to be over-
all higher as SE, for B10 and C10 were 8.4 and 12.3, whereas A10
achieved only 6.4 dB at 20 GHz, which underlines the importance
of surface properties over the inner structure. In addition to the
surface structure, the lamellar structure in D-type samples
improved the attenuation performance even further. D50 sample
achieved SE of 45.8 dB at 20 GHz, whereas A50 remained at
37.2 dB. Fig. 7c illustrates that the reflection remained below
3 dB (on average 2.1 and 2.8 dB at 2-20 GHz for A50 and D50,
respectively) even with the higher MXene concentrations and
dense surface layer.

3.5. Simulated permittivities of A-type cryogels at 18-26 GHz

Real permittivity and tangent loss of cryogels were first mea-
sured with the WR-42 waveguide setup and then the setup and
material were modeled with microwave simulator software. Mate-
rial permittivity parameters were extracted from the simulation
model and are presented in Fig. 8a. Samples A70 and A50 displayed
similar real permittivity at a remarkably higher level (25-35) com-
pared to A30 and A10 (5-10). A similar trend was observed with
loss tangent values in Fig. 8b. However, the loss tangent values
of DAK results (Fig. 5) were significantly lower than the simulated
values (0.2-0.3 range vs. 0.4-1.3 range, respectively), indicating
that the waveguide method provides more realistic values for
material loss tangent. Waveguide-measured and simulated per-
mittivity values were also higher than earlier measured values
with the DAK method. In addition, samples were compared with
waveguide measurements by turning the orientation from side 2
to side 5, which is not normally used (Fig. S9). Their absorption
properties were systematically worse than measured in the origi-
nal direction, and the difference was noticeable, especially in the
case of high MXene concentration.

Corresponding wave propagation and electric field created by
the waveguide was simulated and presented as a heat map of sig-
nal amplitude in Fig. 8c. The wave is at first propagating in air, and
then it squeezes inside the high permittivity material as presented
in Fig. 8c—f. In samples B10 and A30 the wavelength is larger than
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Fig. 7. (a) SEr values for A-type samples, (b) SEr and SEg for A10, B10, and C10, (c) SEr, SEg, and SE4 for A50 and D50.
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the material, and shorter in samples A50 and A70, because the
wavelength is inversely proportional to the square root of the
dielectric value. The reduced amplitude can also be seen especially
in the A50 and A70 samples, because the loss tangent of the mate-
rials is large. Deviation of the scattering parameter measurements
are presented in Supporting information (Fig. S10). As calculated
from the averages of 12 different measurements, the reflection
and transmissions coefficients varied by 1 dB and 2 dB, respec-
tively, and the effect of different sample types or freezing direction
could not be distinguished based on these measurements. The
overall quality of the samples seemed good as the same variation
occurred in all samples.

Compared to the behavior of nanocellulose cryogels reported
earlier in the literature, the control of cell and surface structure
and composition of cryogels can significantly affect permittivity
and EMI shielding performance of nanoporous materials, i.e.,
cryo- and aerogels. Jiang et al. [52] fabricated hierarchically struc-
tured unidirectionally frozen MXene-nanocellulose cryogels using
epichlorohydrin as a cross-linker. Their 3.5 mm thick cryogel with
28.8 wt % MXene and density of 390 mg/cm? reached real permit-
tivity from 11.63 to 8.88 and tangent loss around 0.3 in a frequency
range of 2-18 GHz. In this study, an A-type sample with 30 wt %
MXene had a similar performance in permittivity but a remarkably

lower density of 11.34 mg/cm?>. This improvement was likely pro-
moted by the delamination of the MXene flakes, as indicated by
other publications [43,76]. Zeng et al. [43]| manufactured a unidi-
rectionally frozen cryogel from TEMPO-modified CNF and
50 wt % MXene with a density of 4 mg/cm?, achieving EMI SE
around 10 dB at frequency from 8 to 12 GHz. A-type cryogel with
50 wt % MXene manufactured in this work had a greater density
(15.85 mg/cm?®) and almost twice greater EMI SE, roughly 24 dB
at 12 GHz. However, the sample measured from the side opposite
to the T gradient had a similar performance to the cryogel reported
by Zeng, alluding that surface structure significantly influenced
shielding mechanics. Moreover, when further comparing to D-
type samples, the lamellar structure with optimized surface prop-
erties had higher attenuation levels than the structures consisting
of honeycomb cells which are in accordance with other studies
[32]. Wang et al. [77] manufactured dense and bulk composites
of CNF-MXene using unidirectional freezing followed by thermal
annealing and impregnation with epoxy. Their sample with a
slightly higher MXene concentration than A50 had EMI SE of
roughly 37 dB at 8-12.5 GHz frequency, slightly higher than the
result obtained in this work. However, in the present study sample,
D50 had a better performance than the corresponding A-type sam-
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ple, indicating that bidirectional freezing and surface design helps
optimize the EMI SE of porous cryogels.

4. Conclusions

Temperature gradient freeze-drying was harnessed to create
self-standing, anisotropic, and cross-linked hybrid cryogels of cel-
lulose nanofibers, PVA and single-layered TisC;Tx MXene possess-
ing controlled cell and surface architecture with unidirectional
(A- and B-type samples) and two-layered honeycomb (C-type sam-
ples), and lamellar (D-type samples) pore designs. The hybrid cryo-
gels had low densities (from 9.3 mg/cm? to 27.7 mg/cm?) and very
high porosities (from 98.9 % to 99.4 %) depending on the MXene
dosage (10-70 wt %), and they were durable when an external
force was applied parallel to the freezing direction. The millimeter
wave dielectric permittivity of A-type cryogels increased linearly
as a function of MXene concentration. It was anisotropic (relative
to thickness direction) as the side of cryogels directly exposed to
a cold gradient had systemically a higher permittivity. This aniso-
tropy was caused by the thin and smooth outermost surface layer,
which covered a unidirectional open honeycomb core structure.
The surface structure of all cryogels dominated signal permittivity,
while the influence of inner cell structure had only a minor effect
on signal propagation. Moreover, the surface layer could compen-
sate for the effects of higher MXene dosages. The A-type cryogels
easily achieved the commercial EMI shielding guideline of 20 dB
as samples with 70 and 50 wt % of MXene had average attenuation
levels of 52 and 37 dB, respectively, while the reflection remained
below 3 dB. The attenuation of the 50 wt % sample could be
improved to 46 dB with optimized surface design. Overall, the
results show that by controlling the freezing conditions for cryo-
gels, green and efficient EMI shielding materials can be produced.
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