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Enhancing the toughness of cement-based materials is key to extending their service life, reducing
carbon emissions, and achieving sustainable development of the building materials industry. Drawing
inspiration from the biomineralization in nature, a novel hydrogel-cement composite with an
interpenetrating organic-inorganic structure was developed, followed by a rapid polymerization to
pre-construct a continuous organic network, and a sequential deposition of inorganic cement
hydrates on that, in order, thereby endowing the obtained composites with a honeycomb-like porous
structure. Compared with normal cement paste, the hydrogel-cement composites (hydrogel content:
2.4-13.7 wt%) showed more than 30 times higher flexural toughness, and 60% increase in
compressive strength. Besides, the composites exhibited high porosity characteristics consisting of
closed micropores, which contributed to the 90% lower thermal conductivity of the composites than
normal cement paste. In conclusion, these findings open a new window to toughen and functionalize
cement-based materials with hydrogels using a biomineralization-inspired strategy.

The intrinsic quasi-brittleness of cement-based materials poses deformation
and cracking risks during the service, which plays a negative role in the
sustainable development of the building materials industry”. Normally,
organic polymers with excellent strength and toughness, including fibers,
emulsions, rubber, etc., have been widely used as reinforcing components to
toughen cement-based materials*. Nevertheless, the toughening efficiency
is greatly limited by the agglomeration of polymers due to the strong elec-
trostatic interaction’, in which the agglomerated polymers act as defects
rather than reinforcing phases®. Recently, an in-situ polymerization method
has been proposed to address the agglomeration problem’, in which the
polymer monomers are initially dissolved in water, followed by thorough
stirring to achieve a uniform distribution of the monomer in cement slurry”.
As cement hydration progresses, free radicals are gradually generated from
polymer monomers and combine through covalent bonds, resulting in the
formation of uniformly dispersed polymer in the cement matrix. Shao and
Wuetal. >’ summarized that the toughness of cement paste and mortar can
be increased by 30-140% via in-situ polymerization method, without
introducing defects or negatively impacting other performance of cement-
based materials. Therefore, it exhibited great potential to improve the
toughness of cement-based materials.

To our knowledge, in the in-situ polymerization method, the inter-
connection degree of polymers in the cement matrix plays an important role

in the corresponding toughening efficiency''. Nevertheless, the formation of
a continuous polymer network is usually inhibited by cement hydration'”.
Specifically, it relies on the continuously dispersed water in the cement
slurry, which serves as the medium for monomer polymerization and
polymer chain interconnection. However, due to the consumption of water
during cement hydration, the continuously dispersed water shrinks and
separates into small droplets under the influence of surface tension'*'. This
phenomenon reduces the possibility of polymer chains interconnection,
thereby preventing the formation of a continuous polymer network. In that
case, how to generate a continuous polymer network in the cement matrix
remains unclear.

The biomineralization process offers valuable insights into the con-
struction of a continuous polymer network in inorganic materials'>'’, which
requires the prior formation of a polymer network, followed by the
attachment of inorganic particles onto it. A series of organic-inorganic
composites with exceptional toughness, including bone, shell and pear], are
naturally constructed via biomineralization'”'. It is noteworthy that
hydroxyapatite, the main inorganic component in biomineralization, is a
strong, low-solubility material consisting of (PO,)** coordinated with Ca’".
Similarly, the main hydration product of cement, calcium silicate hydrate
(C-S-H), exhibits a comparable strength, solubility to hydroxyapatite, as

well as a similar structural, composed of (SiO4)** coordinated with Ca®""**’.
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However, unlike biomineralization, rapidly forming a gel network in cement
paste before the formation of hydrates remains challenging. In previous
research, the polymer network normally slowly formed within 12-48 h*"*
after mixing. This is attributed to the high concentration of OH" in the
cement slurry, which can react with S,0g*” in ammonium persulfate-the
most commonly used polymerization initiator”, thereby inhibiting mono-
mer polymerization and delaying network formation. Consequently, stra-
tegies for rapidly forming polymer networks in cement slurries with high
alkalinity and ionic strength need further investigation.

Herein, the current study developed the biomineralization-inspired
hydrogel-cement composites with exceptional toughness. A pre-association
strategy between monomers and initiators was adopted to avoid the inhi-
bitory effect of OH ™ in the cement pore solution on the polymerization
reaction. SEM results indicated that a continuous hydrogel network
was formed within the cement matrix before the initiation of cement
hydration (Fig. 1)**. This network subsequently induced the deposition of
cement hydrates onto its surface (Fig. 1d, e), leading to the formation of
honeycomb-like porous structure composed of closed pores. As a result,
compared with normal cement paste, the hydrogel-cement composites
showed 3195% and 60% enhancement in flexural toughness and

(a)

compressive strength. MIP, TG, and thermal simulation results demon-
strated that the closed porous structure contributed to the highly thermal
insulation performance of composites. Furthermore, FT-IR and NMR
analyzes confirmed the good interfacial compatibility between the hydrogel
and cement hydrates. In summary, this research provides a novel per-
spective on toughening cement-based materials with hydrogels via a
biomineralization-inspired strategy.

Results and discussion

Microstructure

The formation of hydrogel network and the sequential deposition of cement
hydrates are investigated, as shown in Fig. 2. It can be seen that the con-
tinuous hydrogel network is rapidly constructed within 2 min after the
mixing of all raw materials (Fig. 2a and S.1¢, d). Compared to the slow rate of
conventional in-situ polymerization (12-48 h)*"*, this rapid polymeriza-
tion of hydrogel overcomes the inhibition effects of cement hydration to the
formation of a continuous polymer network. On the one hand, the con-
sumption effects of OH™ on $,05 are inhibited: The hydrogel monomer
and initiator are blended in aqueous solution before mixing with cement
particles, which avoids the consumption effects of OH™ released by cement

Cement

(b) particles

Hydrogel

oo

Fig. 1 | Schematic illustration. a Structure of spongy bone. b Preparation process of
composites. ¢ In-situ polymerization of hydrogel monomers within the cement
matrix forms a continuous three-dimensional polymer network. d Attachment of
cement particles on hydrogel network. e After polymerization, water is gradually

released from hydrogel and reacts with the adhered cement particles, leading to the
formation and deposition of cement hydration products on the network surface.
Throughout this process, the integrity of the three-dimensional hydrogel network is
still maintained.
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Fig. 2 | Scanning Electron Microscope (SEM) images of composites. a Rapid in-
situ polymerization of hydrogel occurs within 2 min after mixing, forming a con-
tinuous hydrogel network; meanwhile, cement particles adhere on the surface of the
hydrogel network. b After 1 day of mixing, water is gradually released from the
hydrogel driven by humidity difference, promoting the localized dissolution of

cement particles on its surface. ¢ After 3 days of mixing, cement hydrates precursors
are observed on the surface of hydrogel network. d After 28 days of mixing, con-
tinued ion accumulation leads to the transformation of precursors into crystallized
cement hydrates along the hydrogel skeleton. e, f The porous structure of composites
in different scales, taken after 28 days of mixing.

particles on initiator anion (S,05™"), therefore accelerating the formation
rate of polymer chains™. This process facilitates a faster release of free
radicals from the monomer, which in turn accelerates the polymerization of
polymer chains. On the other hand, the hindrance of cement particles to
polymer chain interaction is avoided: the dosage of cross-linking agent is
optimized to increase the possibility of polymer chains contacting with each
other in cement slurry, which also accelerates the formation of continuous
hydrogel network within the cement.

After that, the continuous hydrogel network plays a template role to
induce sequential deposition of cement hydrates, which can be divided
into three stages, as depicted in Fig. 2b-e. Stage I-Attachment: due to the
formation of hydrogen bonds between the polar functional groups (e.g.,
-OH, -COOH, -CONH,) of the organic molecular chains and the
hydroxylated surfaces of cement hydration products, along with van der
Waals forces arising from molecular proximity’>*°, cement particles are
more likely to attach to the hydrogel surface. Stage II-Dissolution: during
the polymerization process of hydrogel, the free water in cement slurry is
absorbed by the hydrophilic groups (-COOH and -OH) on hydrogel.
Then, driven by the humidity difference between the inside and outside
of hydrogel, the water slowly released from hydrogel to cement particles.
This process promotes the dissolution of cement particles on the surface
of hydrogel (Fig. 2b)”. Stage I1I-Deposition: according to classical het-
erogeneous nucleation theory™, the skeleton of hydrogel provides extra
nucleation sites that reduce the free energy barrier for the crystallization
of cement hydrates precursors, inducing their deposition onto the ske-
leton (Fig. 2c)**. Subsequently, these hydrate precursors transform into
crystallized hydrates during the hydration process (Fig. 2d). The
aforementioned process facilitates the deposition of cement hydrates on
hydrogel network. As a result, the pore shape and distribution char-
acteristics of hydrogels are inherited by composites after cement
hydration. Consequently, as shown in Fig. 2f, the pores in composites are
uniformly distributed closed pores with honeycomb-like shape.

Mechanical properties

The continuous hydrogel network with honeycomb-like pore structure
benefits to the mechanical enhancement of cement paste, as shown in in
Fig. 3a-d. Firstly, the flexural strength (Fig. 3a) of the hydrogel-cement
composites is 11-24 MPa and 13-28 MPa at 7 days and 28 days, respec-
tively, which is 13-158% higher than that of Ref. (pure cement paste without
hydrogel). Besides, through the comparison of the area below the
stress—strain curve (Fig. 3b), it can be seen the flexural toughness of the
composites is higher than Ref. by 231-3195% at 28 days. Such a remarkable
mechanical enhancement is related to the network effectively preventing the
generation and propagation of cracks under loading, thus contributing to
the toughness enhancement of composites. Besides, Pan et al.” indicated
that compared to the separated polymer fragments after in-situ poly-
merization, the continuous hydrogel network increases the contact area
with the cement matrix, and thus avoids the interfacial stripping of
hydrogel/matrix during the loading process. This further optimizes the
energy absorption capability of the hydrogel, thereby enhancing the flexural
strength.

Notably, the flexural strength of the composites increases with the
rising hydrogel content, which is associated with the progressive reduction
in pore size, as shown in Fig. S2c—e. The smaller pores help to mitigate stress
concentration, thereby enhancing the strength”. Besides, the strength
initially rises but subsequently declines with the increasing cement pro-
portion. This reduction suggests that while increasing the cement content
enhances flexural strength by generating more hydrates, an excessive
amount disrupts the integrity of the hydrogel network™, ultimately reducing
the overall strength of the composite. These insights pave the way for future
research aimed at optimizing the composition of composites to achieve even
higher flexrual strength.

As shown in Fig. 3¢, the hydrogel-cement composites exhibit high
compressive strength (16-59 MPa and 32-62 MPa at 7 days and 28 days,
respectively). In particular, the compressive strength of H3H2 is higher than
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Fig. 3 | Mechanical properties. a Flexural strength of composites and Ref. at 7 days
and 28 days. Error bars represent the standard deviation based on three specimens
for flexural strength. b Flexural strength-strain curve of composites. ¢ Compressive
strength of composites and Ref. at 7 days and 28 days. Error bars represent the

standard deviation based on six specimens for compressive strength.
d, e Compressive strength-strain curve of composites. f Schematic illustration of
porous structure preventing the crack propagation.

that of Ref. by 60%. It can be seen that the strength increases with the rising
hydrogel/cement content, following a similar trend to that observed in the
flexural strength. In addition, the compressive strength of the composites
increased with decreasing water-to-cement ratio, primarily due to the
reduced porosity and the resulting denser microstructure of the matrix.
Figure 3d, e illustrates that, compared with Ref., the composites show plastic
rather brittle deformation characteristics under compression. The special
deformation-tolerant behavior is mainly attributed to the honeycomb-like
porous structure. First, during the loading process, the crack tips can be
blunted by the honeycomb-like pores of composites, thereby reducing the
stress concentration at the crack tip and hindering further crack
propagation™. Additionally, the fracture energy can be consumed by the
deformation of the pores, as shown in Fig. 3f, which jointly triggers the
plastic deformation characteristics of the composites™. Notably, with the
increasing strain from 10 to 80%, the strength of composites is corre-
spondingly increased from 47 to 86 MPa. The result shows that the com-
posites can maintain structural integrity under large deformation
conditions, which is beneficial for the stability of building materials serving
in extreme conditions of high seismic intensity, ground stress and water
pressure, etc.

Interaction between the hydrogel and cement hydrates

Given its excellent mechanical performance, H,C, is selected for in-depth
analysis to investigate the interactions between hydrogel and cement
hydrates, as shown in Fig. 4. The characteristic peaks of hydrogel-cement
composites at 3437 cm™', 2970 cm ™, 1650 cm ™' and 816 cm™" correspond
to -OH, -CH, -NH, and C=0 in hydrogel, respectively. Additionally, the
characteristic peaks with high intensity at 975 cm™ are assigned to Si-O in
C-S-H. Notably, the O-H peaks at 3437 cm ™" in composites are wider than
those in Ref. (Fig. S.3a) and hydrogel, suggesting the formation of extra
hydrogen bonds in composites. This phenomenon is ascribed to the inter-
action between ~-COO" in the hydrogel and cations (Ca*, Al*') in cement
hydrates, which confirms the good interfacial compatibility between
hydrogel and cement hydrates™*. The solid-state 1H NMR spectra further
corroborate this finding, as shown in Fig. 4 (b). The characteristic peaks at
4.6 ppm and 23.6 ppm correspond to ~CH in the hydrogel”** and ~-OH in

cement hydrates”, respectively. Compared to the pure hydrogel, the che-
mical shift of the —-CH peak at 4.6 ppm indicates an increased degree of
cross-linking in the composites (Fig. 4c). This is beneficial for enhancing the
continuity of hydrogel within the cement matrix, a factor that is crucial for
the corresponding toughening efficiency to cement-based materials.

In addition, the phase compositions and microstructure of hydrogel-
cement composites are investigated, as shown in Fig. 5d-f. Firstly, it can be
seen that the crystal size of plate-like hydrates (Ca(OH),) in composites is
larger than that in Ref. (S.3d-f). These Ca(OH), crystals act as short fibers by
bridging microcracks and facilitating load transfer across the matrix,
thereby enhancing the flexural strength of the composite™. The increase in
Ca(OH), particle size is attributed to the porous structure of the hydrogel
network, which provides ample space for Ca(OH), growth. This, in turn,
helps to reduce local supersaturation, thereby increasing the corresponding
grain size. Notably, the larger Ca(OH), no longer deposits on the surface of
hydrogel network but intertwines with hydrogel network, forming an
interpenetrating structure (Fig. 4d). According to®, this structure enhances
the adhesion between the crystal interlayer of Ca(OH), through hydrogen
bonding, thereby preventing interlayer slippage-induced structural failure
and strength loss", as depicted in Fig. 4e. Besides, the content of C-S-H gels
in hydrogel-cement composites is higher than that in Ref. As the main
contributor to the strength of cement-based materials, the increment of
C-S-H gels content is conducive to the mechanical enhancement of the
composites, which is consistent with the results presented in section
“Mechanical properties”. Therefore, the above results prove that the
synergistic effects of hydrogel and cement hydrates are conducive to the
improvement of hydrogel continuity and the increase of cement hydrates
content. However, the effects of variations in hydrogel and cement content
on phase composition and microstructure, as well as their correlation with
mechanical strength, remain unclear and should be investigated in the
future.

Pore structure and thermal properties

As shown in Fig. 5a, the porosity of different composites ranges from 24 to
67%, which is 60-347% higher than that of Ref. (15%). It is evident that the
increasing hydrogel content leads to a reduction in composites porosity,
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Fig. 4 | Characterization of the interaction between hydrogel and cement
hydrates. a FT-IR spectra of composites. b Solid-state 1H NMR spectra of com-
posites. ¢ Schematic diagram of the interaction between hydrogel and Ca’* released

by cement. d Microstructure of composites. e Schematic illustration of inter-
penetrating structure in Ca(OH),-hydrogel composites. f Phase composition of
composites.

which accounts for the enhanced compressive and flexural strength due to a
denser microstructure and reduced stress concentrations from pore defects.
However, lower porosity compromises the lightweight and thermal insu-
lation performance of the composites. Therefore, achieving an optimal
balance between mechanical strength and thermal insulation is essential.
Among the various mixtures, H2C2 demonstrates a favorable compromise
between strength and lightweight properties. Consequently, its pore struc-
ture, thermal conductivity, and thermal stability are systematically
investigated.

According to Fig. 5b, the MIP results indicate that the pore size dis-
tribution of the composites primarily ranges from 10 to 100 nm, which is
attributed to the stack gaps among cement hydrates. It is noteworthy that
MIP test fails to capture the micro-scale pores visible in scanning electron
microscopy (SEM) images (Fig. 2). This phenomenon suggests that the
micro-pores in composites are closed pores, which cannot be invaded by
mercury thus undetectable by MIP test. Compared to connected pores,
closed pores can effectively reduce thermal convection and radiation®’,
thereby decreasing the thermal conductivity of composites, which is
investigated in the following part.

As shown in Fig. 5¢, the thermal conductivity of composites (0.14 W/
m K) is lower than that of Ref. by 90%, and commercial insulating building
materials such as rubber, foamed concrete, and wood (0.16-0.85 W/m K)’.
Additionally, after being heated from the bottom (200 °C) for 30 min, the
temperature of the upper surface of the composite and Ref. is 50 °C and
140 °C, respectively (Fig. 5d). The above results indicate the good thermal
insulation performance of the composite due to its porous structure majorly
composed of closed pores. Besides, the thermal stability of composites is
investigated by TG analysis. As shown in Fig. 5e, the weight loss of com-
posites in 100-150, 300-350, 350-430 °C corresponds to the degradation of
C-S-H gels, hydrogel and Ca(OH), in the composites. The result shows that
56-63% mass of the composites is maintained after calcination at 1000 °C,
indicating good thermal stability and structural integrity at high tempera-
ture. Additionally, Fig. 5f illustrates that the dielectric constant of the
composite is 40-60% lower than that of conventional cement-based
materials. This reduction is attributed to the closed pores in composites,

which facilitate the scattering and attenuation of electromagnetic waves.
Therefore, the composites exhibit both high thermal insulation and wave
absorption capabilities. This multifunctionality positions the hydrogel-
cement composites as a promising solution for various engineering chal-
lenges, such as thermal management and sound attenuation®.

Discussion

Drawing inspiration from the biomineralization in nature, a tough and
sustainable hydrogel-cement composite was developed in the current
research, the main conclusions are drawn as follows:

(a) A novel strategy was proposed for the first time to realize the construct
of continuous polymer network within a cement matrix, followed by a
rapid polymerization to pre-construct a continuous organic network,
and a sequential deposition of inorganic cement hydrates on that in
order, thereby endowing the obtained composites with a honeycomb-
like porous structure.

The formation of continuous hydrogel network resulted in remarkable
improvements in the toughness of hydrogel-cement composites.
Compared with normal cement paste, the developed composites
showed a 3195% enhancement in flexural toughness and a transform
in compressive failure from brittleness to ductile behavior, with 83%
increase in compressive strength as strain rose from 10 to 80%.

The Ca2" released by cement contributed to the increasing cross-
linking degree of hydrogel, and the hydrogel provided more water for
cement therefore increasing the content of C-S-H gels. The synergistic
effect between hydrogel with cement is conducive to the enhancement
of composite’s mechanical strength.

The composites exhibited high porosity (67%) characteristics con-
sisting of closed micropores, which contributed to the 90% lower
thermal conductivity of composites than normal cement paste.

(b)

(d)

Methods
Materials
The analytical-grade monomer (N-isopropylacrylamide (NIPAm),
sodium acrylate (SA)), crosslinkers (N, N-methylenebisacrylamide
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Fig. 5| Pore structure and thermal properties of composites. a, b Porosity and pore size distribution. ¢ Thermal conductivity of different building materials. d Simulation of
insulation performance. e Thermal stability of composites. f Wave adsorption of composites.

(Bis)), initiators (potassium persulfate (APS)) and catalyzer (N, N,
N’N’-tetramethylethylenediamine (TEMED)) were procured from
Shanghai Macklin Biochemical Co., Ltd. Additionally, the ground P-I
cement (D (50) =9.6 um, D (90) = 18.2 um) was provided by China
Shanshui Cement Group. The phase composition of cement was listed
in S-Table 1 in Supplementary Files.

The mix designs for different composites are shown in Table 1. In this
composite, the content of hydrogel monomers determines the crosslinking
density of the polymer network, thereby affecting the pore size of the
composite. Meanwhile, the cement content governs the formation of
hydrates, thus affecting the strength. Accordingly, mixtures with varying
contents of hydrogel monomers and cement were designed. Three hydrogel
monomer dosages (5, 10, and 20 g) were investigated, corresponding to H1,
H2, and H3, respectively. For each hydrogel dosage, three cement contents
(25, 50, and 100 g) were tested, and labeled as C1, C2, and C4. The water
content was kept constant at 100 g across all groups. This factorial design
enabled a systematic evaluation of the effects of both hydrogel and cement
contents on the composite properties. The fabrication process of hydrogel
cement composites began with the sequential dissolution of hydrogel
ingredients (NIPAm, SA, Bis, and APS) in deionized water. Subsequently,
TEMED and cement particles were added with continuous stirring in the N,
environment. The polymerization of hydrogel occurred swiftly within
2 min, and the solution was transformed into gel. After that, the composites
were placed in a curing container maintained at 20 °C and 95% RH until
testing.

Characterization

Microstructure. The microstructure of composites is detected using a
Scanning Electron Microscope (SEM, Navo Nano SEM450, Thermo
Fisher Scientific, USA) operating at 15 kV with three spot sizes. The fresh
cement paste, after 2 min of mixing, was rapidly frozen in liquid nitrogen
for 2 min and subsequently freeze-dried at —50°C for 8 h. Then, the
surface of dried specimens was coated with platinum to ensure good
electrical conductivity during testing.

Mechanical strength. The compressive and flexural strength of com-
posites at 7 days and 28 d were tested according to ASTM C513. For
compressive strength testing, ¢20 x 20 mm cylindrical specimens with
pre-capped load surfaces were used, while 10 x 10 x 50 mm cuboid spe-
cimens were employed for flexural strength testing. 100 KN Mechanical
Universal Testing Machine (UTM5105, SUNS, China) was used at
defined loading rates: 2 mm/min for compressive strength and 1 mm/
min for flexural strength. The load surface of composites was caped
before the compressive strength. Averages of six and three replicate tests
were used for compressive and flexural strength measurements, respec-
tively. Notably, the difference in specimen size between this study and
practical engineering applications warrants further investigation.

Interaction between cement particles and hydrogel. Before the test,
composites were immersed in an isopropanol solution for 7 days to stop
the cement hydration. Afterward, the composites were dried and then
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Table 1 | Mixture design for different composites

Mixture ID H1C1 H1C2 H1C4 H2C1 H2C2 H2C4 H3C1 H3C2 H3C4 Ref.
Cement (g) 25 50 100 25 50 100 25 50 100 100
Water (g) 100 100 100 100
NIPAm (g) 4 8 16 =
SA (g) 1 2 4 =
Bis (g) 0.1 0.2 0.4 =
APS (g) 0.05 0.1 0.2 -
TEMED (ml) 0.1 0.2 0.4 =
ground to pass through a 200-mesh sieve. Solid 1H NMR spectroscopy 6. Hernandez-Cruz, D. et al. Multiscale characterization of chemical-

from Bruker (Neo 400WB, Germany) was adopted. Data analysis was
performed using MestReNova Software. Fourier Transform Infrared
Spectrometer (FT-IR) from Nicolet (Madison-WI, USA) was used to
investigate the chemical functional groups of composites. Quantitative
X-ray diffraction (QXRD) patterns are utilized to investigate the phase
composition of composites, employing AXS D8 ADVANCE (Bruker,
Germany) with CuKa radiation. a-Al,O; was utilized as the internal
standard for the QXRD test. The obtained results were analyzed using
TOPAS software, and the content variation of clinker phase was detected
for the cement hydration degree calculation according to ref. 44.

Thermal properties. The porosity of composites was obtained fol-
lowing the equation (1) in supplementary, in which the skeleton
density and volume density were detected according to GB/T 208-
2014. The thermal insulation simulation of composites was conducted
using the heat transfer module of ABAQUS software according to
Fick’s second law. The heat source (200 °C) was set at the bottom of the
specimen. The simulation parameters are shown in S-Table 2 in the
Supplementary Files. The thermal stability of the composites below
1000 °C was evaluated by thermogravimetric analysis (TG, STA 449 F5,
NETZSCH, Germany). Before the test, composites were placed in a
vacuum oven at 40 °C for 72 h to remove free water. Approximately
50 mg of ground powder was then heated from 30 °C to 1000 °C at
10 °C/min under a nitrogen atmosphere. Besides, the electromagnetic
wave absorption properties of the composites were measured using a
vector network analyzer (E5071C, Agilent, USA) based on the coaxial
transmission line method. Bulk samples were selected for measure-
ment in the frequency range of 1-18 GHz.

Data availability

The data are available on request to the corresponding author.
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