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Abstract Shape memory hydrogels attract increasing
attention due to their promising applications as intelli-
gent biomaterials for actuators, biomedicine and sen-
sory applications. Nonetheless, the integration of
synergistic characteristics providing good mechanical
properties and ideal self-recovery rate still remains a
challenge. To tackle this, we develop a novel nanocom-
posite hydrogel by radical polymerization. TEMPO-
oxidized cellulose nanofibers (TOCNs) with high
strength and ultra-high aspect ratio were introduced to
improve the energy dissipation mechanism and enhance
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the fatigue resistance of polyacrylamide (PAAM)
hydrogel. Interestingly, the nanocomposite hydrogel
displays unprecedented shape memory properties
through coordination with Fe**. The resulting TOCN/
PAAM hydrogel achieves excellent energy dissipation
capability (9.68 MJ m—> at 60% strain), satisfactory
viscoelasticity (51.1 kPa) and good self-recovery rate
(about 93.2% after 30 min recovery). In particular, the
3% TOCN/PAAM-Fe’* hydrogel exhibits better tensile
performance. This nanocomposite hydrogel with good
shape memory properties and excellent mechanical
strength has broad application prospects in soft actuators
and sensory research.
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Introduction

“Smart” materials are defined as materials whose
functions are changed in a controlled manner via
adaption to the surrounding environment and/or their
own state (Hu et al. 2012). These stimuli-responsive
materials withstand changes in properties such as the
material’s shape, mechanical stiffness/flexibility,
porosity, and opacity (Yang et al. 2020a). Due to
these interesting characteristic changes, “smart”
materials have great potential for application in many
fields with medical domain being the most promoted
(Qiu and Hu 2013). In particular, shape memory
polymers (SMPs) are smart materials that rapidly
developed over the past few years. SMPs can
withstand and restore temporary deformation when
exposed to specific external factors such as tempera-
ture change, light, solvent, moisture and electric fields
(Li et al. 2017b; Liu et al. 2018).

Most studies on SMPs are limited to those made
from dry state pure polymers. In recent years, we have
witnessed a rapid growth in shape memory hydrogel
(SMH), which is a swollen, 3D hydrophilic polymer
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network containing large amounts of water (Hu et al.
2015). SMHs have application prospects in many
fields including tissue engineering, smart customer
products, adaptive biomedical devices just to mention
afew (Ma et al. 2018). However, most of the hydrogels
exhibit poor mechanical properties at swollen state,
which limits their further applications in many fields
(Yuan et al. 2016). In recent years, hydrogels with
improved mechanical properties have been fabricated
including double network (DN), nanocomposite (NC)
and dual cross-linked (DC) hydrogels (Hu et al. 2016;
Shams Es-haghi and Weiss 2017). In particular, the
mechanical properties of nanocomposite hydrogels
could significantly be improved by adding reinforced
organic/inorganic fillers such as clay, cellulose and
carbon nanotubes (Han et al. 2018).

Inspired by increasing trends of recent years’
environmental sustainability and protection, ecologi-
cally friendly composite hydrogels are increasingly
synthesized from renewable natural resources (Han
et al. 2014). Cellulose, regarded as a green biopoly-
mer, attracts wide interests to be used as raw material
for making advanced material due to its availability
from a wide range of sources, exhibiting biodegrad-
ability, renewability, high Young’s modulus and low
density (Ge et al. 2020; Sun et al. 2015; Zhou et al.
2011). More importantly, cellulosic materials can be
transformed into electronically conductive carbon
materials with rich pore structure and high specific
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surface area through a simple carbonization process.
These characteristics make cellulosic materials suit-
able for use as smart materials and electronics. (Yang
et al. 2020b; Zhao et al. 2020a, 2020b; Zheng et al.
2020) Comparing with cellulose, nano-cellulose has
smaller size and diameter (1-100 nm in diameter and
100 nm to several micrometers in length), higher
mechanical strength (elastic modulus of 130-150
GPa), larger specific surface area (~700 mz/g) and
lower thermal expansion (0.1 ppm K™ '). (Khalil et al.
2014; Song et al. 2013). Therefore, materials made of
nanocellulose-based composite have excellent prop-
erties, which surpasses cellulose. Generally, nanocel-
lulose is divided into cellulose nanocrystals (CNC),
cellulose nanofibers (CNF) and bacterial cellulose
(BC) (Niu et al. 2018).

Currently, polyacrylamide (PAAM) is widely used
as the hydrogel matrix due to its non-toxicity, shape
maintenance ability, mechanical strength, convenient
adjustability of biophysical and chemical properties
(Hynd et al. 2007; Lin et al. 2004). Conventionally
cross-linked PAAM hydrogels are usually obtained by
chemical polymerizing of AM monomers and
crosslinkers under the action of an initiator. The gels
are generally soft and brittle, have poor mechanical
properties, and have difficulty in their withstanding of
large deformations. Up to now, many studies have
tried to improve the mechanical properties of PAAM
gel by adding natural nanoscale fillers into the PAAM
matrix unfortunately with limited success.

At present, the use of TEMPO (2,2,6,6-tetram-
ethylpiperidine-1-oxyl radical)/NaBr/NaClO system
for the purpose of oxidizing cellulose to obtain
carboxylated nanocellulose has become a new
research focus (Yue et al. 2019). The TEMPO
oxidation method oxidizes a hydroxyl to aldehyde or
carboxyl group on the cellulose molecular chain under
oxidizing conditions thereby reducing the degree of
polymerization to form nano-scale microcrystalline
cellulose (Sheng et al. 2019). The method is simple to
operate and the reaction can be carried out in an
aqueous solution under mild conditions. The prepared
nanocellulose surface has a large number of electron-
donating functional groups, enabling a uniform and
stable water dispersion (Saito et al. 2007). Yang et al.
(2013) prepared a high-strength PAAM/CNC hydro-
gel with a core/shell structure with the silane-treated
rod-shaped CNC acting as a multifunctional cross-
linking agent to increase the viscoelasticity of the

composite hydrogel. Chen et al. (2017) prepared CNF-
enhanced PAAM nanocomposite hydrogel (PAAM/
CNF) by in-situ polymerization of CNFs into PAAM
hydrogel matrix, and found that the increase in
mechanical strength of PAAM/CNF was mainly
driven by the addition of CNF acting as a cross-
linking agent and as a nano-reinforcing phase in the
gel system. Yang and Xu (2017) prepared CNFs
enhanced PAAM nanocomposite hydrogels (CNF-
PAAM) through reversible hydrogen bonding and
micro-covalent cross-linked PAAM matrix fusion
forming a double crosslinked network with synergis-
tically improved strength, Young’s modulus and
toughness. Zhou et al. (2011) reported the preparation
of CNCs and then used it to enhance PAAM, using
oscillatory shear on a rheometer to monitor the
gelation process of the nanocomposite gels. Among
the CNC content used, a 6.7 wt% load maximized the
mechanical properties by almost 2.5-fold that of pure
PAAM. In addition, BC composited PAAM hydrogels
showed improved strength regardless of whether the
BC existed in the form of cluster dispersion or
interpenetration within the networks. (Velichko et al.
2017).

In this study, we successfully developed a type of
TOCN/PAAM-Fe** hydrogels with intrinsic self-
recovery and shape memory properties. A series of
composite hydrogels with different TOCNs contents
were investigated. We hypothesized that TOCN could
act as a green nanocarrier to improve the brittleness
network and dissipate energy that enhance the tough-
ness of PAAM hydrogels. Due to the dynamic
reversible nature of the hydrogen bonds, we postulated
that the addition of TOCNs confer excellent mechan-
ical property and self-recovery property of the TOCN/
PAAM nanocomposite hydrogels following mechan-
ical impact. With the addition of Fe3+, the interaction
between the carboxylic acid groups of TOCNs and
Fe*t is hypothesized to make the internal network of
the hydrogel more densely crosslinked. Therefore, the
presence of Fe* cations could effectively increase the
stiffness and strength of the TOCN/PAAM composite
hydrogel. The coordination of Fe*" imparts a certain
shape memory property to nanocomposite hydrogels,
which greatly expands its application range.
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Materials and methods
Materials

Bleached wood pulp (KC Flock, Tokyo, Japan) was
purchased from Nippon Paper Chemicals Co. Acry-
lamide (AM) monomers, N,N’-methylenebis-acry-
lamide (NMBA), 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO), initiator potassium persulfate (KPS),
cross-linking accelerator N,N,N’ N'-tetram-
ethylethylenediamine (TEMED), sodium hypochlorite
(NaClO), sodium bromide (NaBr), potassium hydrox-
ide (KOH) and Iron chloride hexahydrate (FeCl;-6H,.
O) were obtained from Aladdin Industrial Inc.
(Shanghai, China). All solutions were prepared using
deionized water.

Preparation of TOCNs

TEMPO-mediated oxidation was conducted according
to the procedure described in the literature. (Saito et al.
2006) Before preparation, the bleached wood pulp was
dried at 45 °C for 24 h to remove residual moisture in
the raw cellulose source. First, TEMPO (0.033 g) and
NaBr (0.33 g) were sequentially dissolved in deion-
ized water (400 mL), and thoroughly stirred at 10 °C
to completely dissolve. Then, 10 g of dried wood pulp
(mass fraction of about 20%) was added to the reaction
system, and vigorously stirred to make it uniformly
dispersed, then a certain amount of NaClO aqueous
solution (15 mmol g~ of cellulose weight) was
added. The pH was controlled to about 10 by
continuously dropping NaOH solution (0.5 M). After
6 h, the oxidized TOCN was filtered and washed
several times with deionized water until suspension
pH = 7. The oxidized TOCN was further dispersed in
deionized water and ultrasonicated at 300 W for
15 min in an ice water bath to obtain the final TOCN
colloidal suspension with a mass fraction of 0.82 wt%.

Fabrication of TOCN/PAAM hydrogel

TOCN/PAAM nanocomposite hydrogels were pre-
pared by a free radical polymerization of AM
monomers aqueous suspension of TOCNSs. Initially,
the concentration of AM was always controlled to
15.0 w/v%. Six gram of AM powder and NMBA
(0.06 g, 1.0 wt% of AM) were dissolved in an aqueous
suspension of TOCNs (0.06 g, 0.12 g and 0.18 g, 1.0,
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2.0 and 3.0 wt% of AM), stirred vigorously for 1 h,
and the oxygen in the mixed solution was removed in a
nitrogen atmosphere for 10 min. The corresponding
TOCN/PAAM hydrogels were labeled as 1% TOCN/
PAAM, 2% TOCN/PAAM and 3% TOCN/PAAM,
respectively. 2.5 mL KPS solution (20 mg mL™") and
30 uL TEMED were then added and stirred for 5 min.
The bubbles in the mixed solution were removed
under vacuum condition and then placed at 40 °C for
6 h to obtain TOCN/PAAM nanocomposite hydrogel.
Our preliminary experiments found that the solution
was too viscous when the TOCNSs content exceeded 3
wt%, and the surface of the prepared composite
hydrogels would be uneven (Fig. S1). Therefore, only
1-3 wt% of TOCNs were used for the experiment and
in addition, a pure PAAM hydrogel without TOCNs
was prepared as a blank control group according to the
above procedure.

Fabrication of TOCN/PAAM-Fe’ " hybrid
hydrogel

A straight hydrogel strip was obtained from the
prepared 3% TOCN/PAAM hydrogel, and then
immersed in a 0.2 M FeCl; solution. The correspond-
ing gel system was subsequently named as TOCN/
PAAM-Fe*" hydrogel.

Characterization

The densities (p, g cm ) were determined from the
volume (cm®) and weight (g) of hydrogels. All
samples (initial weight = W,) were dried at 55 °C
until obtained a constant weight (W4). The water
contents (W,) were counted from Eq. (1):
W, = WOTOWd x 100% (1)
The prepared samples were completely soaked in
deionized water at room temperature. The swollen
hydrogels were weighed at set time intervals until a
swelling equilibrium (W;,,) was reached. The hydrogel
was then dried at 50 °C until constant weight (W,,).
The water swelling ratio (W,,) was calculated from
Eq. (2), and the equilibrium moisture content (E,,) was
calculated from Eq. (3):
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The morphologies of hydrogels were examined by a
field emission scanning electron microscopy (FE-
SEM, JSM-7600F, JEOL Ltd., Japan). The transmis-
sion electron microscopy (TEM) images of TOCNs
were obtained by a transmission electron microscope
(JEM-1400, Japan Electronics Co., Ltd.). The optical
absorption spectra of hydrogels were measured at
wavelength from 200 to 800 nm using a UV — Vis
spectrophotometer (UV-1780, Shimadzu Instruments
Manufacturing Co., Ltd., China) at 25 °C. The
absorption spectra were collected at a scan speed of
300 nm min~" using deionized water as a reference.
Fourier Transform Infrared Spectrometry (FTIR)
analyses of all samples were performed in the range
4000-500 cm™"' using a VERTEX 80v spectropho-
tometer (Thermo Fisher Scientific Inc. USA).

For rheological measurements, the samples were
subjected to frequency sweep and strain sweep tests
using a HAAKE RheoStress 600 rheometer. Before
the measurement, the dynamic strain sweep tests were
performed from 0.1% to 100% at an angular frequency
(w) of 1.0 Hz. A strain (y) was chosen to be 1.0% to
ensure that the sample was deformed within the Linear
Viscoelastic Region (LVR) in the following oscilla-
tion tests. The frequency sweep was performed within
the linear viscoelastic behavior of the samples,
controlling the magnitude and temperature of the
strain, applying sinusoidal deformations of different
frequencies, and testing at each frequency. The
viscoelastic parameters included G (storage modulus)
and G (loss modulus). The composite modulus (GH
was calculated from Eq. (4), the composite viscosity
(11*) was calculated from Eq. (5):

G* = \/G"? + G2 (4)

n=— (5)

For compression tests, the hydrogel samples
(35 mm in diameter and 10 mm in height) were
subjected to compressive stress (o)—strain (¢) mea-
surement using a universal testing machine (TY-
8000B, China) at a compression speed of

15 mm min~" at room temperature. When the normal
stress reached the maximum load capacity (5 kN), the
compression of all samples ended. The compressive
elastic modulus (E) was calculated from the slope of
the linear region of the stress—strain curve (g = 5—
15%). The energy dissipation (AU;) was calculated
using Eq. (6):

/ ade — / ode (6)

loading unloading

AU; =

The energy dissipation ratio (5) was calculated as
the following Eqgs. (7) and (8) to measure how
efficiently the sample dissipated energy:

AU,

B (7)

Ui:/ ode (8)

where U; was the elastic energy stored in the samples
when it was loaded elastically to the stress o, in the
ith cycle.

In the self-recovery performance test, the samples
were first compressed to a predetermined strain and
then depressurized at the same speed. After each cycle
of loading—unloading test, the samples were placed in
a closed environment to minimize water evaporation
and relaxed for a certain period (0—60 min) before
proceeding to the next pressurization cycle. The self-
recovery rate was defined as the ratio of energy
consumption after different resting time to the initial
cycle. For the fatigue resistance test, the stress was
released immediately after the compression reached
the set strain value, and immediately after the end of
one cycle, the next cycle compression test was
performed immediately. The g-¢ curve of the sample
was observed after 10 consecutive loading—unloading
cycles. The fatigue resistance of the composite
hydrogels was characterized by 10 consecutive load-
ing—unloading tests after standing for 24 h under
sealed conditions.

The tensile stress—strain test was conducted at a
fixed tensile speed of 30 mm min~" using a universal
testing machine (TY-8000B, China) equipped with a
force sensor (50 N). The sizes of the samples were
4 mm in diameter and 25 mm in length. Toughness (7)
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was calculated by the area under the stress—strain
curves using following Eq. (9):

&

T:/o(a)ds 9)

&0

where ¢, and ¢ corresponded to the initial stretch and
fracture stretch, respectively.

The samples were first stretched to a predetermined
strain (150%) at a speed of 30 mm min~' and then
depressurized at the same speed. The next cycle test
was performed directly after each cycle. Tensile stress
and energy dissipation changes were observed for 10
consecutive cycles. For the self-recovery test, the
samples were allowed to relax for a specific waiting
time before the next loading cycle, and the changes of
various indexes before and after recovery were
compared.

For examination of shape memory behavior, a
straight hydrogel strip was cut from the prepared 3%
TOCN/PAAM hydrogel, and the gel strip was twisted
into a helical shape. To fix the temporary shape, the
samples were immersed in an aqueous solution
containing Fe*™. The mechanical properties were
adjusted by changing the immersion time (0-90 min)
and tensile properties were tested.

(a)
KPS
TEMED
COOH 'Nf
V\
TOCN/PAAM

+=

=
3 ;

I rocParn =

Fig. 1 a Synthesis process of TOCN/PAAM-Fe** hydrogels; b
Fe** hydrogels
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Results and discussion

Fabrication process and synthesis mechanism
of TOCN/PAAM-Fe** hybrid hydrogels

The fabrication process of the TOCN/PAAM-Fe"
hydrogels is shown in Fig. la. First, the prepared
TOCNSs were dispersed in an aqueous solution to form
a stable colloidal suspension with high transmittance.
The AM monomers and the chemical crosslinkers
NMBA were then added into the TOCNs suspension,
while the KPS was used as a redox initiator in the
grafting reaction of TOCNs as SOy directly reacted
with the polymer backbone of cellulose to form the
necessary free radicals (Bhattacharya and Misra
2004). KPS and TEMED were added to the solution
to induce “—~OH” and “—~COOH” groups on the
surface of the TOCNs to generate free radicals and
reacted with the double bond of the AM monomers to
form a grafting point (covalent bond C-O) between
the TOCNs and the PAAM chain (Ghosh et al. 1995;
Zhou et al. 2011). At the same time, other free radicals
presented in the solution initiated the homo-polymer-
ization of AM to grow the PAAM macromolecular
chain, while also forming a PAAM molecular chain
under NMBA cross-linking. After that, a PAAM
network containing TOCNs was formed. Finally, the

@ Fe*t m=— Coordinate bonds

Cross-linking points
between PAAM chains A Hydrogen bonds

SN, |

TEM image of TOCNSs; ¢ Formation mechanism of TOCN/PAAM-
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TOCN/PAAM hydrogels were soaked in FeCls solu-
tion to obtain the TOCN/PAAM-Fe*" hydrogels. The
TEM image of TOCNs showed that the TOCNSs fibers
had an extremely long aspect ratio and an average
length and diameter of 800 nm—1.0 pm and 5-10 nm,
(Fig. 1b) being an ideal nanofiller. Figure 1c shows
schematic illustration of 3D network formation of
TOCN/PAAM-Fe** hydrogels. In addition to covalent
bonding, dynamic hydrogen bonds were formed
between PAAM and TOCNs. Combining transient
(physical) cross-linking with a permanent (covalent)
network that effectively adjusted the mechanical
properties of the network in linear and nonlinearly
deformed regions (Zhao 2014). The amide groups on
PAAM chains interacted with hydroxyl and carboxyl
groups on TOCN surfaces through hydrogen bonding.
This powerful interaction facilitated physical adsorp-
tion of polymer chains onto the surface of TOCNs,
forming an interfacial enhancement mechanism (Yang
and Han 2016; Zhou et al. 2011). Fe+ entering the
internal hydrogel could form metal coordination
interactions with —COOH groups of TOCNS, consti-
tuting a more compact network with enhanced
mechanical strength.

Swelling behavior, transmittance and chemical
analysis of Hybrid hydrogels

After soaking the prepared hydrogel in water, the
swelling ratio of the PAAM and TOCN/PAAM
nanocomposite hydrogels were measured at different
durations (0-21 days) (Fig. 2a). In the first 5 days, the
swelling rate of the hydrogels increased significantly
and after 19 days, it reached a stable value. Compared
with TOCN/PAAM composite hydrogels where the
swelling ratio of the 1%, 2% and 3% TOCN/PAAM
hydrogels were 4.10, 3.72 and 2.76 g g™, respec-
tively, the swelling ratio of PAAM hydrogel
(9.15 g g~') was much larger. In addition, the higher
the TOCNSs content of the TOCN/PAAM composite
hydrogels, the lower the swelling ratio. As shown in
Fig. 2b, the calculated equilibrium moisture content of
the hydrogels decreased significantly with the increase
of TOCN content. In hydrogel, the more clusters of
TOCNs led to more hydrogen bonds formed inside the
hydrogel and tighter crosslinks limiting the hydrogel
swelling. The equilibrium moisture content of PAAM
was about 96%, while that of 3% TOCN/PAAM was
only 90%. Despite the increase of water content after
equilibrium expansion, the volume of the 3% TOCN/

(a) ] (b (c) 100
st S 9%6f I
—a—PAAM - 2 s}
- - 2 S
K ——1% TOCN/PAAM | § < |
~ 6k 2% TOCN/PAAM H 2 60
L o, N 29 =
] =—v—3% TOCN/PAAM 5 £ \
> = <
EN _ 2 £ w —— 1% TOCN/PAAM
2 : ] g 2% TOCN/PAAM
& s e £ 88p 2 ——3% TOCN/PAAM
= l E
2 :
s s s A = s A s A e
0 5 0 15 20 PAAM ‘oc\m\ 1 OCNPAN OC\W\\ 300 400 500 600 700 800
(d) Swelling time (days) 1Y% 1% T Wavelength (nm)
- : — (€) [§  J—— T — .
PAAM 1% TOCN/ 2% TOCN/"3% TOCN/ a8 1646 118 iy —HC—CHy——HC—CH;—~ ",
PAAM ‘ PAA’M PAAM _ PAAM & Co
. 3 / 0” N O NH :
< : : :
o 3415 1644 1 i o H H :
< : s H H :
= : C=—OH § : :
£ TOCN/PAAM HO, on :
i . g s 2900 1602 1155 . { R . ] :
g TOCNs : N
> i = 1029 i1oCcNs M0 on c—on
Hydrogen bonds between

fiees ".ﬁﬂr ) ’

Fig. 2 a Swelling ratio of PAAM and TOCN/PAAM hydrogels
with different contents of TOCNSs; b equilibrium water contents
of PAAM and TOCN/PAAM hydrogels; ¢ UV—-Vis transmit-
tance spectra of PAAM, TOCN/PAAM and d photo-

4000 3500 3000 2500 2000 1500 1000 500 Ye—

Wavenumber (cm-l)

PAAM and TOCNs

macrograph of corresponding hydrogels; e FTIR spectra of
TOCNs, PAAM, TOCN/PAAM and f interaction between
PAAM and TOCNs
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PAAM hydrogel remained relatively stable after 24 h
revealing “non-expandable” properties when applied
as a cartilage replacement material (Fig. S2) (Dai et al.
2015; Kamata et al. 2014). The swelling results also
verified the existence of strong interaction between the
PAAM chains and the TOCNs molecular cluster.

The UV-Vis spectra of PAAM and TOCN/PAAM
in the wavelength range of 300-800 nm is shown in
Fig. 2c. The pure PAAM hydrogel was almost trans-
parent, and achieved an average transmittance of 99%.
The introduction of nanocellulose reduced the trans-
mittance of TOCNs-enhanced PAAM composite
hydrogels because nanocellulose might block light.
However, due to the high-water content and uniform
network structure, TOCN/PAAM hydrogels still
maintained high transparency. The visible light trans-
mission was highly dependent on the quality and
dispersion of the particles in the polymer system. The
TOCNSs formed a stable and uniform aqueous suspen-
sion colloid that was well dispersed in the hydrogel
system, indicating excellent compatibility of the
cellulose filler with the polymer matrix and allowing
the hydrogel to reach translucent state (Yue et al.
2016). However, the refractive index of cellulose was
greater than that of PAAM. Therefore, as the amount
of TOCNSs increased, the light scattering on the
cellulose surface increased, and the transmittance of
the composite hydrogels decreased. The transmittance
test result was consistent with the macroscopic
observation in Fig. 2d. In the ultraviolet region of
300—400 nm, the transmittance of TOCN/PAAM
samples increased significantly with the increase of
wavelength, suggesting that TOCNs had good absorp-
tion of ultraviolet light.

The chemical structure of TOCNs, PAAM and
TOCN/PAAM hydrogels were characterized by FTIR
as illustrated in Fig. 2e. The distinct broad character-
istic peak near 3428 cm™' belonged to N—H stretching
vibration of PAAM (Li et al. 2017a), and the
corresponding carbonyl group stretching vibration
was detected near 1646 cm™! (Kong et al. 2016).
Another major absorption peak was detected at around
1118 cm™!, which was attributed to the —NH, in-plane
rocking vibration (Yuan et al. 2016). The main
absorption peak of TOCNs shown around
3328 cm ™' was assigned to the stretching vibration
of O-H on the cellulose molecular chains, which was
the most important functional group in cellulose
(Kamphunthong et al. 2012; Tang et al. 2019; Zuluaga
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et al. 2009). The absorption peak near 2900 cm ™" was
due to the stretching vibration of the C-H group.
Compared with cellulose, the TOCNs exhibited a
stretching vibration peak of the sodium carboxylate
group (-COONa) around 1602 cm™', implying the
successful chemical oxidation of cellulose (Li et al.
2017b). Compared with pure PAAM hydrogel, the
position of the peak of TOCN/PAAM nanocomposite
hydrogels did not change significantly, probably
because the characteristic absorption peak of TOCNs
overlapped with the PAAM-related absorption peak.
Besides, no new vibrational absorption peaks
appeared on the TOCN/PAAM spectrum, indicating
that no new chemical functional groups were formed
between PAAM and TOCNs. The N-H stretching
vibration absorption peak of PAAM significantly
wider than the absorption peak of TOCN/PAAM,
moving from 3428 cm~ ! to 3415 cm_l, which could
be due to hydrogen bonds formed between PAAM and
TOCNs. The intermolecular and/or intramolecular
interactions between PAAM and TOCNs, such as
hydrogen bonding or van der Waals forces, made the
peak value of C=0 stretching vibration of TOCN/
PAAM hydrogels varying from 1646 cm™' to
1644 cm™" (Chen et al. 2017; Yan et al. 2017).
Figure 2f shows a schematic diagram of hydrogen
bonding between PAAM and TOCNES.

Dynamic viscoelasticity of hybrid hydrogels

The strain amplitude sweep tests of hydrogels were
performed to confirm the LVR with the relation of
curves for G and y presented in Fig. 3a. It could be
seen that all four hydrogels exhibited a common
hydrogel property (a quasi-solid with viscoelasticity),
and G was relatively stable within y = 1.0%. How-
ever, as the strain amplitude continued to increase, the
G of all hydrogels left their original linear level and
exhibited nonlinear behavior, the strain at this time
was called the critical strain point (y.). As the v
increased, the G values of the hydrogels gradually
decreased, indicating a transition from quasi-solid
state to quasi-liquid state (Han et al. 2019). Therefore,
the subsequent oscillation test was conducted within
y=1.0% to ensure that the subsequent dynamic
oscillation deformation of the composite hydrogel
was within LVR. The G of the TOCN/PAAM
hydrogels was significantly larger than that of PAAM
hydrogel, and the more TOCNs added, the greater the
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Table 1 Rheological characteristics of hydrogels

’ " ’

Hydrogel Gy Gm Ye Grax
(kPa) (kPa) (%) (kPa)
PAAM 7.0 2.6 7.8 7.0
1% TOCN/PAAM 9.2 4.7 3.8 33.8
2% TOCN/PAAM 133 6.1 2.6 452
3% TOCN/PAAM 17.6 7.5 1.8 51.1

viscoelasticity of the composite hydrogels. The Grnax

of 3% TOCN/PAAM hydrogels (51.1 kPa) was about
7 times that of PAAM (7.0 kPa) (Table 1). Normally,
the LVR became shorter as the sample approached the
solid state. Comparing the 1% to 3% TOCN/PAAM
and PAAM hydrogel samples, the larger the value of
G'max and the smaller the ). of the samples. Therefore,

the viscoelasticity of the 3% TOCN/PAAM hydrogel
was the most and the viscoelasticity of the pure PAAM
hydrogel the least functional with a sevenfold differ-
ence. This showed that the addition of TOCNs could
significantly enhance the viscoelasticity and mechan-
ical strength of the hydrogels.

The G and G of PAAM and TOCN/PAAM
hydrogels within LVR are shown in Fig. 3b. As
increased, G gradually approached G and G =G,
indicating that the hydrogel network was established
(Wang and Chen 2011). After the hydrogel point, G
was still gradually increasing and G was gradually
decreasing, indicating that the hydrogels were more
and more elastic. Both TOCN/PAAM and PAAM
hydrogels exhibited gelation characteristics, proving
all hydrogels being viscoelastic materials. In addition,
the intersection of TOCN/PAAM composite hydrogel
was lower than PAAM hydrogel in the range of o,
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indicating that the TOCN/PAAM composite hydrogel
exhibited more elastic properties.

By comparison, the G of TOCN/PAAM composite
hydrogels gradually increased with the addition of
TOCNs, and G., of 3% TOCN/PAAM (17.6 kPa)
being 2.5 times that of PAAM (7.0 kPa) which
indicated that the more TOCNs the stronger the
interaction between TOCNs and PAAM, and the
higher the crosslinking density. The storage modulus
of hydrogels increased with the addition of nanocel-
lulose, which could be explained by physical entan-
glement and chemical crosslinking that had a great
influence on the viscoelastic behavior (Han et al.
2014). Therefore, adding TOCNs significantly
improved the mechanical strength of the hydrogels.
With the increase of TOCNs, G also gradually
increased without a downward trend indicating that
the effective cross-linking degree and polymer entan-
glement of hydrogels was significantly improved with
a more stable morphology (Ivanov et al. 2004). A
sharper contrast of the hydrogels was provided by the
curves of complex modulus (G") and complex viscos-
ity (") versus o (Fig. 3c). Among them, 3% of
TOCN/PAAM hydrogels had the highest G* and 7",
further confirming that 3% TOCN/PAAM hydrogel
was the best viscoelastic hydrogel in all samples. In
Fig. 3d, a block of 3% TOCN/PAAM composite
hydrogel was stretched to a thin film (250% strain),
demonstrating the “rubber-like” extensibility of the
hydrogel. This dynamic viscoelasticity test showed
that TOCNSs form effective cross-ling interactions with
PAAM forming a stable network structure. Among
them, 3% TOCN/PAAM hydrogel had the highest G,
G',G" and 1", showing that the composite hydrogels
had the best viscoelasticity under this ratio.

Compression behavior of hybrid hydrogels

The compressive stress—strain and energy absorption-
strain plots of PAAM hydrogel and TOCN/PAAM
composite hydrogels at different TOCN contents are
shown in Fig. 4a, b. Comparing the mechanical
properties with the nominal stress and energy absorp-
tion at an 80% strain level, showed that all TOCN/
PAAM composite hydrogels withstood higher stress
than the pure PAAM hydrogel. The mechanical
properties of the TOCN/PAAM was further improved
as the TOCN content increased from 1 to 3 wt%. The
increase in slope of the compressive stress—strain
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curve indicated that nanocellulose had excellent
reinforcement properties (Han et al. 2013). In Table 2,
the stress of the 3% TOCN/PAAM composite hydro-
gel at 80% strain was about 2.4 MPa. The compressive
strength of 3% TOCN/PAAM hydrogel was superior
to that of the various hydrogels reported in previous
literature, including F127AZ0O @ 3-CD-PAAM hydro-
gel (about 0.65 MPa at 80% strain) (Song et al. 2018),
gelatin/PAAM/Laponite nanocomposite hydrogels
(208.4 kPa at 90% strain) (Li et al. 2015) and
PAAM/polyaniline hydrogel (breaks at a stress of
0.7 MPa) (Dai et al. 2010). Considering the actual
density, the specific compressive stress (a;) of 3%
TOCN/PAAM (~ 1.9 MPa cm® g~') was about 19
times that of pure PAAM hydrogel (~ 0.1 MPa cm? -
g~ "). The improvement in compression performance
was attributed to the well-dispersed TOCNs in the
PAAM matrix (Yang et al. 2014). At ¢ = 80%, the
energy absorption (E,) of 3% TOCN/PAAM hydrogel
(42.5 kJ m>) was 30 times larger than for PAAM
hydrogel (1.4 kJ m™?), indicating a higher toughness
and strength of the composite hydrogels given the lack
of deformation.

The microstructure of pure PAAM and 3% TOCN/
PAAM hydrogels are presented in Fig. 4c, d. The
corresponding idealized 3D network structure are
shown in Fig. 4e. All hydrogels exhibited idealized 3D
network structure (porous structure), which was
typical for hydrogel morphology (Chen et al. 2017).
The pure PAAM hydrogel had a relatively smooth
porous structure, while the TOCN/PAAM nanocom-
posite hydrogels exhibited a coarse porous network
structure. The pore diameter of TOCN/PAAM hydro-
gels was smaller than that of pure PAAM hydrogel,
which also confirmed the fact that the composite
hydrogels had a lower equilibrium swelling ratio due
to the correlation between water content and the pore
diameter. The higher the water content of the
swellable hydrogel, the larger the pore diameter of
the lyophilized hydrogel. In addition, the pore distri-
bution of the TOCN/PAAM composite hydrogels was
more regular than that of the pure PAAM hydrogel,
indicating that the polymer network of the TOCN/
PAAM composite hydrogels were more stable and
regular, avoiding the collapse of the gel network
structure and the formation of irregular pores during
freeze-drying. In general, the stable regular network
structure distributed the stress load evenly in the
polymer matrix to improve the mechanical properties
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els (Huang et al. 2007). As seen in Fig. 4d,

some nanofibers were between the cavities of the pores

of the 3% TOCN/PAAM hydrogels. In addition, a

large number of TOCNs were found in the PAAM
matrix indicating that the nanofibers could be pulled
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at a certain magnification (x 200); e proposed porous 3D
network of TOCN/PAAM hydrogel; f comparison of fragmen-
tation of PAAM and TOCN/PAAM composite hydrogels after
compression

out during sample preparation likely ascribed to the
large length and high flexibility of the TOCNs. This
showed that TOCNs improved the mechanical prop-
erties of the hydrogels and reduced the swelling
through strong hydrogen-bond interaction between
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Table 2 Compression and

) ) Hydrogel oc(e=80%) E,(e=80%) p W, g

physical properties of (MPa) (kJ/m®) (g/cm’) (%) (MPa cm’/g)
hydrogels

PAAM 0.1 £0.0 1.4 £0.1 1.21 £0.10 89.6 £ 0.1 ~ 0.1

1% TOCN/PAAM 1.2 £ 0.1 18.8 = 0.1 1.23 £ 0.06 88.9 &+ 0.1 ~ 1.0

2% TOCN/PAAM 2.1 £ 0.1 29.6 £ 0.2 1.26 £ 0.07 88.2 £ 0.2 ~ 1.6

3% TOCN/PAAM 2.4 4+ 0.2 425 £0.3 1.28 £0.11 874 £ 0.1 ~ 19
nanofibers and the PAAM matrix consistent with the increased, indicating that the TOCN/PAAM

test results of mechanical and swelling properties.
When pure PAAM and 3% TOCN/PAAM hydrogel of
same size are compressed, the pure PAAM hydrogel
was completely broken while 3% TOCN/PAAM
hydrogel had only local fracture (Fig. 4f). This clearly
demonstrated that the composite hydrogels remained
tough under high compressive stress and had excellent
self-recovery properties.

The density (p) and water content (W) of the
TOCN/PAAM hydrogels prepared by different ratios
of TOCN are shown in Table 2. The average moisture
content of the nanocomposite hydrogel was about
88.17%, and the mean p was about 1.26 g cm™>. As
the amount of TOCNs increased, the W. of the
hydrogels decreased and the p increased. Inside the
PAAM hydrogels, molecular chains interdigitated to
form a crosslinked network that accommodated water
molecules result in a moisture content of up to 90%.
With the addition of TOCNSs, these molecules were
intertwined with the PAAM network, thereby increas-
ing the crosslink density of the hydrogel 3D network
structure and the macroscopic density and mechanical
strength. Simultaneously, the more the TOCN's added,
the higher the crosslink density inside the hydrogel. As
aresult, the space for accommodating water molecules
was occupied, which was specifically reflected in the
W. decrease.

The principle of toughened hydrogel was to intro-
duce mechanical dissipation into the polymer network
and hinder crack propagation (Zhao 2014). Figure 5a,
b show the cyclic loading—unloading curves of pure
PAAM and 1% ~ 3% TOCN/PAAM nanocomposite
hydrogels at 60% compressive strain, as well as the
corresponding compression elastic modulus and
energy dissipation. In Fig. 5a, the TOCN/PAAM
nanocomposite hydrogel exhibited greater hysteresis
during the loading—unloading cycle compared to the
pure PAAM hydrogel. With the TOCNs increasing,
the hysteresis loop and the energy dissipation also
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nanocomposite hydrogel consumed the applied energy
more effectively when subjected to compression
failure. This effective energy dissipation was mainly
attributed to the high aspect ratio, high strength and
excellent interfacial interaction with the matrix of the
nanocellulose particles. This made the TOCNS load to
transfer in a highly efficient energy dissipation manner
enhancing the strength and toughness of the hydrogel
composite (De France et al. 2017; Salas et al. 2014).
The compressive elastic modulus of 3% TOCN/
PAAM (220 kPa) was about twice that of pure PAAM
(103 kPa) (Fig. 5b). As the TOCNSs increased, the
elastic modulus of the composite hydrogels increased
accordingly. The results were consistent with the test
results of compressive strength found in the energy
dissipation data calculated by the hysteresis loop of
Fig. 5a where the dissipated energy of 3% TOCN/
PAAM (9.68 MJ m ) was about 14 times that of pure
PAAM (0.67 MJ m~>). This fully demonstrated the
toughening effect of the TOCNs in PAAM hydrogel
where the increase in the content led to more hydrogen
bonding in the PAAM matrix giving the composite
hydrogels a more pronounced mechanical strength.
Figure 5c, d show the cyclic loading—unloading
curves of 3% TOCN/PAAM composite hydrogels
under different compressive strains (30%, 40%, 50%
and 60%), as well as the corresponding compression
toughness and energy dissipation ratio chart. It could
be seen from Fig. Sc that the loading—unloading
curves of 3% TOCN/PAAM under different compres-
sive strain conditions showed obvious hysteresis
loops, indicating that the composite hydrogels could
consume a high amount of energy in the cycle test. The
hysteresis became more apparent when the compres-
sive strain gradually increased to 60%. It can be seen
from Fig. 5d that as the strain increased from 30 to
60%, the total compressive toughness of the composite
hydrogels gradually increased, which could consume
more energy and achieve higher energy dissipation
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Fig. 5 a Cyclic compressive loading—unloading curves at 60%
compressive strain of PAAM and 1% ~ 3% TOCN/PAAM
nanocomposite hydrogels; b compressive elastic modulus and
corresponding energy dissipation at 60% strain of hydrogels;
¢ cyclic loading—unloading curves and d toughness and energy
dissipation ratio of 3% TOCN/PAAM hydrogel under different
compressive strains (30%, 40%, 50%, 60%); e cyclic loading—

rate. As the strain gradually increased, the chemical
bonds between PAAM chains and TOCNs were
partially broken to dissipate energy, while the synergy
of weaker hydrogen bonds tended to break preferen-
tially as sacrificial bonds to maximize energy dissipa-
tion. Therefore, the composite hydrogel could achieve
higher energy dissipation efficiency as the strain
increased during the cycle tests (Shao et al. 2017).

In addition to the significant increase in toughness
and mechanical strength, the cross-linking network of
TOCNs and PAAM was re-crosslinked and quickly
recovered thereby giving the nanocomposite hydro-
gels excellent self-recovery abilities (Zhang et al.
2018). The cyclic loading—unloading curves of 3%

Strain (%)

Strain (%)

unloading plots and f time-dependent recovery ratio of 3%
TOCN/PAAM at 60% compressive strain with different resting
times; g photographs revealing the notable compression resis-
tance of 3% TOCN/PAAM hydrogel; fatigue resistance of the
h as-prepared and i recovered 3% TOCN/PAAM hydrogels after
24 h resting time by ten consecutive loading—unloading cycles

TOCN/PAAM composite hydrogel at 60% compres-
sive strain are shown in Fig. Se with different rest
times (0 ~ 60 min) between two consecutive mea-
surements. After the initial cycle measurement, the
sample was re-tested after 0, 10, 30 and 60 min
showing a self-recovery rate of 39.5%, 47.4%, 70.9%,
and 82.1%, respectively (Fig. 5f). If the second
compression cycle test was performed immediately
after the first, the self-recovery effect of the composite
hydrogel was very weak. With the extension of the rest
time, the self-recovery degree gradually increased.
Figure 5g shows the deformation process of a manu-
ally compression of 3% TOCN/PAAM hydrogel.
Obviously, the hydrogel did not break under large
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strain, which indicated that the 3% TOCN/PAAM
conducting hydrogel had excellent compression resis-
tance. In addition, after stress removal, 3% TOCN /
PAAM composite hydrogel quickly returned to its
original shape.

Owing to the excellent self-recovery properties, the
composite hydrogels had high fatigue resistance
following repeated deformation. Figure 5Sh shows 10
cycles of loading—unloading of 3% TOCN/PAAM
composite hydrogel at 60% compression strain with no
time interval between the two consecutive cycles. The
hysteresis loop of the composite hydrogel and the
maximum stress at 60% compressive strain were
significantly reduced in the second cycle. This shows
that the TOCNs network structure of the hydrogels
underwent internal partial fracture and the fracture
force could not be recovered immediately without
breaking in the first cycle process of loading—unload-
ing. However, the hysteresis loop and the maximum
stress remained essentially unchanged after the fifth
cycle, indicating that the 3% TOCN/PA AM composite
hydrogel had good fatigue resistance. After standing
for 24 h, another 10 consecutive cycles of loading—
unloading test were performed on the self-recovering
3% TOCN/PAAM hydrogels (Fig. 5i). The fracture
strength of the self-recovery composite hydrogels was
even slightly higher than the initial value mainly due
to the rearrangement of the TOCNs chain after cyclic
loading increasing the physical crosslink density of the
hydrogel, and the crosslinked network reconnected or
recombined to form the optimal recombination to
alleviate the internal stress of the hydrogel. The newly
formed crosslinking network gave the TOCN/PAAM
composite hydrogels excellent fatigue resistance
showing that TOCN/PAAM hydrogels not only had
good self-recovery ability but also had high fatigue
resistance under cyclic loading (Shao et al. 2017).

Tensile behavior of hybrid hydrogels

Typical tensile stress—strain curves for PAAM and
1-3% TOCN/PAAM hydrogels is shown in Fig. 6a.
The maximum tensile strength of pure PAAM hydro-
gel was about 0.02 MPa and in contrast, the tensile
strengths of the hydrogels were enhanced by intro-
ducing TOCN, i.e., 1-3% TOCN/PAAM were 0.03,
0.05 and 0.07 MPa, respectively. With the increase of
TOCNSs content, the tensile strength also increased
gradually. Moreover, the elongation at break of 2%
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TOCN/PAAM nanocomposite hydrogels was also
greatly improved compared to pure PAAM (Fig. 6a).
The improvement in tensile properties was mainly due
to the hydrogen bonding between PAAM and TOCNs
while the introduction of TOCNs cross-linking net-
work helped to dissipate energy, withstand stress and
reorganize the network after mechanical deformation,
thereby significantly improving tensile and toughness.
However, for covalently crosslinked hydrogels, the
enhanced stiffness led to reduced stretchability and
toughness (Semenov and Rubinstein 2002). Therefore,
the more TOCNs added, the stronger the mechanical
strength and the lower the elongation at break. The
toughness of pure PAAM and 1-3% TOCN/PAAM
hydrogels is shown in Fig. 6b. With the increase of
TOCNSs, the toughness of TOCN/PAAM composite
hydrogels increased from 5.03 to 12.21 MJ m~>,
achieving a 6 times the toughness of the pure PAAM
hydrogel (2.02 MJ m~), demonstrating the signifi-
cant toughening effect of TOCNs on PAAM hydrogel.
The enhancement of the mechanical properties of the
TOCN/PAAM composite hydrogels was attributed to
the addition of TOCN:ss filler, which transferred energy
across the interface and resisted stress concentration to
prevent the rupture from continuing to propagate
inside the hydrogels (Hore and Composto 2013;
Kumar et al. 2013). The TOCN/PAAM composite
hydrogels could sustain various deformations includ-
ing stretching and knotting (Fig. 6¢c, d). After the
hydrogel was subjected to ~ 100% tensile strain, the
original shape restored instantly after removing the
tensile force. The hydrogel still withstood a tensile
strain of ~ 250% after knotting, and quickly returned
to the original state after releasing the strain, indicat-
ing that the TOCN/PAAM hydrogel had outstanding
toughness and shape self-recovery properties.

A 3% TOCN/PAAM nanocomposite hydrogel was
subjected to a cyclic tensile loading—unloading test at
150% tensile strain to measure recoverability of the
mechanical properties of the composite hydrogels.
Two consecutive cycles were tested at different
intervals after the first cycle, where the loading—
unloading measurement was repeated on the 3%
TOCN/PAAM composite hydrogel after 0 min,
5 min and 30 min, respectively (Fig. 7a). A large
hysteresis loop was observed in the first cycle, and the
tensile stress and hysteresis of the composite hydrogel
being significantly reduced when the second stretching
was performed immediately. With the increase of rest
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time, the stress—strain curve gradually reverted to the
original loading path. To evaluate the recovery
efficiency, the self-recovery rate was measured in
Fig. 7b. The results showed that when the rest time
was 0 min, the self-recovery rate was only 33%, while
after 30 min, it reached 93.2%. The self-recovery rate
of as-prepared hydrogel was comparable to those of
other previously reported hydrogels, including
PAAAM gel (about 92% after 5 h recovery) (Zhang
et al. 2017), PAAm-oxCNTs hydrogel (90.2% after
the resting time of 20 min) (Sun et al. 2020) and HLP
cross-linked hydrogels (completely recovered after
resting for 10 min) (Xia et al. 2019). One of the most
important properties for stretchable materials was
reversible stretchability, and any minor irreversible
deformation would ultimately compromise the overall
stretchability of the material. The smaller the residual
strain, the better the elastic reversibility of the
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stretching with ~ 100% strain and recovery to its original
length and shape; d ability to withstand stretching to ~ 250%
strain after knotting and recovery to its original state

material. As shown in Fig. 7b, the residual strain of
the 3% TOCN/PAAM composite hydrogel gradually
decreased with the extension of the standing time.
After resting for 30 min, the residual strain was 2%.
Even after the second cycle immediately after the first
loading test, the residual strain of the composite
hydrogel was only about 8.6%, which was mainly
attributed to the elasticity generated by covalent
crosslinking (Yang and Xu 2017).

The initial tensile cycle loading—unloading curves
of 3% TOCN/PAAM composite hydrogel at 150%
tensile strain and the curves measured again after
resting for 24 h are shown in Fig. 7c. The correspond-
ing graphs of changes in energy dissipation and elastic
modulus values are demonstrated in Fig. 7d. The
energy dissipation increased from 0.24 to
0.29 MJ m*3, and the elasticity modulus was also
increased from 48 to 52 kPa. Compared to pure
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covalently crosslinked PAAM hydrogels, TOCN/
PAAM composite hydrogels dissipated a large amount
of energy in the cycle test, exhibiting significant
hysteresis mainly related to the energy dissipation of
hydrogen bond dissociation. After resting for 24 h, the
composite hydrogel recovered back to its initial state,
and the reversibility of the interfacial hydrogen
bonding and crosslinking between the TOCNs and
the PAAM was confirmed by the loading—unloading
curve which almost overlapped with the initial cycle
curve (Yang et al. 2014). After the stress was
unloaded, the transient hydrogen bond restored and
the network recombined to form a new hydrogel
network to alleviate the internal stress of the hydrogel.
The occurrence of this self-enhancement phenomenon
provided the hydrogel an excellent energy dissipation
mechanism.

The 3% TOCN/PAAM composite hydrogel sub-
jected to cyclic tensile loading—unloading test for 10
times at 150% tensile strain showed fatigueless with
time interval between two consecutive measurements
(Fig. 7e, f). After the first cycle test, the hysteresis
loop and the maximum tensile stress of the composite
hydrogel were significantly reduced and the dissipated

energy value of the second cycle was about
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0.25 MJ m™> being approximately 61% of that of
the first cycle (0.41 MJ m_3). Continuous damage and
deformation caused the internal cross-linking of the
hydrogel to break and could not be immediately
recovered, resulting in a decrease in tensile strength.
However, after 3 cycles, the energy dissipation
remained almost unchanged, showing excellent fati-
gue resistance.

Shape memory behavior

Hydrogels with shape memory function could mem-
orize temporary shapes and restore their original
permanent shape through external stimuli (Kahn et al.
2017). The construction of a reversible cross-linking
network and the corresponding triggering or conver-
sion methods to impart shape memory properties to
hydrogels was a major strategy for the synthesis of
shape memory hydrogels (Behl et al. 2010). Since the
surface of TOCNs was rich in carboxyl groups, it was
easier to form strong coordination bonds with metal
ions. Therefore, it could coordinate with metal ions to
act as a temporary reversible cross-linking network
and prepare the nanocomposite hydrogels with shape
memory and adjustable mechanical strength. As
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shown in Fig. 8a, the 3% TOCN/PAAM nanocom-
posite hydrogel was immersed in a 0.2 M FeCl;
solution adjusting mechanical properties of the hydro-
gel by changing the different soaking times. With the
addition of Fe3+, the interaction between the car-
boxylic acid groups of TOCNs and Fe> " cations made
the internal network of the hydrogel more densely
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crosslinked which greatly increased the strength and
stiffness of the TOCN/PAAM composite hydrogel
(Fan et al. 2015). After soaking in FeCl; solution for
60 min, 3%  TOCN/PAAM-Fe*"  hydrogel
achieved ~ 233% tensile, 0.16 MPa high strength
and 0.95 MPa elastic modulus (Fig. 8b). The tensile
strength value of the 3% TOCN/PAAM-Fe’"
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hydrogel was comparable to that of other previously
reported hydrogels (Cong et al. 2014; Gan et al. 2020;
Lu et al. 2014; Xu et al. 2019). More importantly, the
TOCN/PAAM-Fe** hydrogel demonstrated shape
memory property not found in these articles. When
the soaking time in FeCl; solution increased, the
elongation of 3% TOCN/PAAM hydrogel decreased
and the elastic modulus increased. After soaking for
90 min in FeCl; solution, 3% TOCN/PAAM-Fe’"
hydrogel achieved ~ 188% of tensile strain,
0.16 MPa of tensile strength and 1.22 MPa of elastic
modulus. This was mainly because Fe’" formed
coordination interaction with TOCNs. The longer the
soaking time, the more Fe’* entered the internal
hydrogel, resulting in an increase in the solid content
of the hydrogel and a more compact network of
enhanced mechanical strength (Li et al. 2017a).

For evaluation of the shape memory behavior of
nanocomposite hydrogels under the action of Fe’™,
straight hydrogel strips were cut from the prepared 3%
TOCN/PAAM hydrogel and twisted into soaked
spirals. The shape was fixed in an aqueous solution
containing Fe*, as shown in Fig. 8c, and the hydrogel
remained in a spiral state after being taken out from the
FeCl; solution. Since Fe* ' had binding affinities for a
variety of molecules and anions, many molecules
(such as aqueous oxalates, H,SOy4, carbonate ions, and
EDTA) could be used to disconnect the temporary
cross-linking of TOCN/PAAM hydrogels with Fe®'
and strongly bind to Fe*, thus endowing TOCN/
PAAM-Fe®" hydrogels with excellent shape resilience
performance (Li et al. 2017b). The three straight
hydrogels were deformed into a “SU6” shape and
fixed with Fe** (Fig. 8d). When immersed in the
H,SO, solution, the “SU6” temporary shape was
restored to original shape. The possible reaction
mechanism was bivalent and trivalent cations such
as Fe’" that chelated with TOCNs to stabilize the
temporary shape, giving the hydrogel good shape
memory properties (Fig. 8e). Therefore, the shape
memory effect of the hydrogel was validated in this
study, and the shape fixation and shape recovery were
achieved and verified by external stimulus changes.

Conclusions

In summary, we reported a TOCN/PAAM nanocom-
posite hydrogel with intrinsic self-recovery and shape

@ Springer

memory performances. Since the hydrogen bond
interaction between TOCNs and PAAM chains, the
mechanical strength, toughness and fatigue resistance
of the hydrogels were significantly improved. The
addition of TOCNs also conferred excellent self-
recovery property of the hydrogels after mechanical
deformation. In addition, the dynamic reversible
metal-ligand bonds between Fe** cations and -COOH
groups of TOCNSs provided the hydrogel good shape
memory properties, and the tensile strength of the
hydrogel was greatly improved. Overall, such a
composite hydrogel with good shape memory behav-
ior and enhanced mechanical strength can be an
attractive candidate for an integrated intelligent sys-
tem for soft actuators, biomedical and sensory appli-
cations. More importantly, this hydrogel platform can
be potentially used to prepared organic gels or alcogels
by solvent exchange to broaden the scope of their
applications.
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