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Fabrication of multifunctional poly(acrylic acid)
hydrogels using a nickel–carboxymethyl
cellulose crosslinker

Md. Sohanur Rahman, a Maisha Rahman,a Md. Mahamudul Hasan Rumon, ab

Chanchal Kumar Roy a and Md. Mahbub Alam *a

The derivatives of cellulose, particularly carboxymethyl cellulose (CMC), are among the popular physical

crosslinkers used to improve the mechanical toughness and self-healing capability of polymeric hydrogels.

In this work, we developed a multifunctional polyacrylic acid (PAA) hydrogel reinforced with CMC and

nickel nanoparticles (Ni-NPs), creating a nanocomposite that combines mechanical robustness, dynamic

self-repair, moderate electrical conductivity and magnetic properties. The successful incorporation of Ni-

NPs in the hydrogel network was confirmed using FTIR spectra and FESEM images. TGA and DTGA studies

revealed that the thermal stability of CMC was significantly improved upon the incorporation of Ni-NPs. By

varying the nanoparticle content, we observed a tunable balance between mechanical strength and

stretchability, with higher amounts of Ni-NPs yielding markedly enhanced tensile performance. It was

found that as the amount of Ni-NPs increased, the tensile strength increased, while the elongation at the

break of the hydrogel decreased. The presence of Ni-NPs also introduced reversible ionic and

coordination interactions that promoted efficient self-healing. Additionally, the nanocomposite exhibited

notable electrical conductivity and responsiveness to magnetic stimuli, expanding its potential

functionality. All these features highlight the potential of PAA–Ni–CMC hydrogels in biomedical and soft-

device applications, such as flexible sensors, tissue-interfacing materials, and magnetically controlled drug-

delivery platforms, where mechanical strength, self-healing, and moderate conductivity are desirable.

1. Introduction

Hydrogels are well-known smart materials that have a variety of
applications, such as in tissue engineering,1 drug delivery,2 sen-
sing technology,3 biochemical applications,4 biochemical
separation,5 and catalytic reactions,6 due to their ’soft and wet’
nature and unique combination of stimulus responsiveness and
biocompatibility.7 Hydrogel materials have drawn significant
research interest in recent years because of their high sensitivity
to the changes in stimuli such as light,8 temperature,9 pressure,10

solvents,11 pH,12 electric field,13 and magnetic field.14 The pre-
paration, modification, and development of hydrogels have
recently seen some fantastic accomplishments. However, it is
exceedingly difficult for hydrogels to be effective in biomedical
engineering applications because hydrogels with poor toughness
are typically accompanied by very limited stretchability.

The inclusion of cross-linkers in the hydrogel network has a
significant impact on the mechanical properties of hydrogels.15

Most of the conventional chemical cross-linkers form covalent
bonds with polymer chains, which improve the toughness and
Young’s modulus but compromise the stretchability.16 Recent
studies show that the inclusion of physical cross-linking may lead
to high toughness and flexibility.17 Physical cross-linking provides
weak frictional resistance during polymer chain movement and
ensures continuous energy dissipation during deformation, which
provides viscoelastic properties to the hydrogel.18 Physical cross-
linking in the polymeric hydrogel network can be introduced
through ionic interactions,19 hydrogen bonds,20 and host–guest
interactions.21 In hydrogels, polymeric dispersive interactions of
the nanomaterial surface provide an alternative to traditional
physical cross-linking.22 Although remarkable improvement in
the mechanical behavior of hydrogels have been achieved through
the development of nanocomposites incorporating nanoclay,23

carbon nanotubes,24 silica nanoparticles,25 metal nanoparticles,26

etc., their mechanical performance still falls short of the desired
levels, limiting their practical applications. The major drawbacks
include random bonding of the polymer and cross-linker, which
incurs non-uniform stress distribution.22

On the other hand, electrically conductive hydrogels are
promising materials that can be used as both implantable27,28
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and wearable29,30 bioelectronics devices due to the ability of the
hydrogel materials to mimic the features of biological tissues,
and their electrical conductivity. These conductive hydrogels
possess all the properties of conventional hydrogels, such as
tunable mechanical properties, flexibility, swelling capacity,
hydrophilicity, and the capacity to conduct electricity. Electrical
conductivity can be introduced in a hydrogel network either by
using conducting polymers31–33 or by incorporating carbon
nanotubes,34 metal nanowires35 or nanoparticles36,37 in the
hydrogel.

Hydrogels combined with nanoparticles result in novel
superstructures, which have gained significant attention from
researchers in the last few years.38–40 The combination of the
two completely different types of materials provides structural
diversity in the composite structure and is thought to generate
multiformity in properties. Moreover, the components of these
superstructures are easy to tune depending on the target
applications and, therefore, provide a wide range of tunability
and multifunctionality. Therefore, hydrogel-nanoparticle com-
posites possess immense potential for numerous applications,
particularly in the areas of diagnosis, prevention, and treat-
ment of human diseases.41–43 In addition to electrical conduc-
tivity, responsiveness to a magnetic field is another important
property of hydrogel composite materials. Hydrogels with mag-
netic properties, usually known as ferrogels, can be obtained by
incorporating magnetic particles in the hydrogel matrices.44 It
is no surprise that the sensitivity to the external magnetic field
strongly depends on the volume fraction of the magnetic
nanoparticles in the hydrogel matrices, as found by Liu
et al.45 Hydrogels with magnetic sensitivity have been broadly
used, particularly in biological fields such as magnetic reso-
nance imaging46 and targeted drug delivery.47,48

In this study, we have introduced a metal-incorporated
cellulose-based crosslinker to improve the mechanical strength
and to impart electrical conductivity and magnetic sensitivity to

conventional polyacrylic acid (PAA) hydrogel matrices. We have
also prepared PAA–Ni hydrogels and PAA–CMC hydrogels to
compare the properties of the PAA–Ni–CMC nanocomposite.
The mechanical properties, self-healing capability, electrical
conductivity, magnetic sensitivity, and swelling behaviour of
these hydrogels have been investigated for various composi-
tions of the crosslinker.

2. Experimental
2.1. Chemicals and materials

Nickel chloride hexahydrate, acrylic acid (AA), and N,N0-methylene
bis-acrylamide (MBA) were purchased from Sigma Aldrich Chemical
Co. Hydrazine hydrate, sodium hydroxide, sodium carboxymethyl
cellulose (CMC), potassium persulfate (KPS), and ethanol were
purchased from Merck, Germany. All the chemicals were used as
received.

2.2. Preparation of the Ni-NPs

NiCl2�6H2O, 80% N2H4 H2O, and 50% NaOH aqueous solution
were used as the source materials for the preparation of Ni-NPs.
The reaction solution was prepared by dissolving NiCl2�6H2O in
distilled water in a beaker. Under vigorous stirring, 80% N2H4

H2O was added to the solution instantaneously, and the solution
temperature was increased to 80 1C to form a Ni complex of
NiCl2 and N2H4. After complex formation, the 50 wt% NaOH
solution was added, which turned the complex into a black
precipitate of Ni-NPs. The black Ni precipitates were washed
several times with distilled water and dried at room temperature.

2.3. Preparation of the Ni–CMC crosslinker

Ni-NPs were added to a mixture containing urea and a 50%
NaOH solution. The resultant mixture was stirred for 15 min
and kept in the refrigerator at �12 1C for 1 hour. After that,

Fig. 1 Schematic of the PAA–Ni–CMC synthesis.
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CMC was added, followed by stirring for 15 min and freezing at
�12 1C for another 1 hour. The produced Ni–CMC crosslinker
was then washed several times with distilled water and dried at
room temperature.

2.4. Preparation of the PAA–Ni–CMC, PAA–CMC and PAA–Ni
hydrogels

The cross-linked PAA composite hydrogels were synthesized
using acrylic acid (AA) as the monomer, KPS as the initiator,
and the prepared Ni–CMC as the crosslinker. 2 mL of the AA
monomer was taken in a test tube, and a specified amount of
Ni–CMC was added to it, followed by stirring for about 30 min.
In another test tube, a specific weight of KPS was dissolved in
1 mL of DI water and sonicated for 30 min. The initiator was
then transferred to the test tube containing the AA–Ni–CMC
solution under vigorous stirring. After nitrogen gas bubbling,
the mixture was poured into a glass mold consisting of two
parallel glass plates separated by 2 mm silicone spacers. The
sample was then heated at 56 1C for 8 hours to carry out the
polymerization reaction. The schematic diagram for the synth-
esis of PAA–Ni–CMC hydrogel is shown in Fig. 1. In addition to
the PAA–Ni–CMC composite hydrogel, PAA–Ni and PAA–CMC
hydrogels were prepared using the same protocol for compara-
tive analysis. After completing the polymerization, the prepared
hydrogels were removed from the glass plates and stored for the
characterization of the properties.

2.5. Characterization

The Fourier transform infrared (FTIR) spectra of Ni-NPs, carboxy-
methyl cellulose (CMC), and the nickel–CMC-based crosslinker
(NCBC) were recorded in the 4000–400 cm�1 range using a
Shimadzu FTIR-8400 instrument by preparing KBr pellets with
samples. UV-vis absorption spectra were measured in a UV/
visible spectrophotometer (Shimadzu-1800). Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were
performed using a NETZSCH STA 449F3 instrument. The sam-
ples were heated at a temperature increase rate of 10 1C min�1

from room temperature to 1200 1C under a nitrogen atmosphere.
The surface morphology of the prepared crosslinkers and hydro-
gels was studied using a field-emission scanning electron micro-
scope (FESEM, JSM-7600F, Tokyo, Japan) at a voltage of 10.0 kV.
The samples for FESEM were completely freeze-dried before
performing the experiment. The magnetic properties of the
samples were analysed with a vibrating sample magnetometer
(VSM8604, Lake Shore Cryotronics). The conductivity of the
samples was measured as a function of the frequency at room
temperature using an impedance analyser.

3. Results and discussion
3.1. Characterization of Ni-NPs and the Ni–CMC crosslinker

The prepared Ni-NPs and Ni–CMC crosslinker were character-
ized by FTIR spectroscopy. The successful incorporation of the
Ni-NPs was confirmed by comparing the FTIR spectrum of the
Ni–CMC composite with the spectra of Ni-NPs and CMC, as

shown in Fig. 2. The FTIR spectrum of Ni-NPs shows absorption
bands at 3300 cm�1, 1633 cm�1, 1403 cm�1, 1076 cm�1, and
465 cm�1, corresponding to the O–H stretching, stretching
vibration of the CHO group, C–H bending, C–O stretching,
and Ni–O stretching, respectively.49 The wide band at about
3369 cm�1 is related to O–H stretching in pure CMC com-
pounds. This broad band is transformed into a narrow band at
3334 cm�1 in the spectrum of the Ni–CMC crosslinker owing to
the formation of a chemical bond on the interface of Ni-NPs.

Furthermore, the peaks at 2897, 1650, and 1033 cm�1 are
attributed to C–H stretching, COO� (asymmetric) stretching,
and C–O symmetric stretching, respectively, for the Ni–CMC
crosslinker, while these peaks are found at 2871, 1605, and
1006 cm�1, respectively, for CMC. These findings suggest the
presence of Ni-NPs among the free COO� group in the ring of
CMC. The lone pair on the O� heteroatoms in CMC may be
transferred to the unoccupied d-orbital of Ni-NPs to form
coordination covalent bonds.

The peak of O–H is found to be comparatively broader in
CMC, but it becomes a bit narrower in the Ni–CMC crosslinker.

Fig. 2 (a) FTIR spectra of Ni-NPs, CMC, and the Ni–CMC crosslinker. (b)
XRD spectrum of the Ni–CMC crosslinker.
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In addition, the characteristic peak of the Ni–CMC crosslinker
at 457 cm�1 has been assigned to Ni–O vibrations. The FTIR
peaks observed for the Ni–CMC crosslinker are in agreement
with the reported data.50,51

The XRD pattern of the Ni–CMC composite shows several
well-defined diffraction peaks that confirm the successful
incorporation of Ni2+ species within the CMC matrix. Distinct
reflections appear at different positions, corresponding to
characteristic lattice planes associated with Ni-containing
domains. The presence of these peaks, alongside the broad
amorphous background originating from the CMC polymer,
indicates that Ni2+ ions interact strongly with the carboxylate
groups of CMC, forming coordinated crosslinking sites rather
than crystalline metallic Ni or higher-valence nickel oxides.
Similar diffraction peaks have been reported for NiO–CMC
composite beads.52

The successful incorporation of Ni-NPs in CMC was further
confirmed by analysing and comparing the surface microstruc-
ture and morphology of Ni-NPs and the Ni–CMC crosslinker via
field-emission scanning electron microscopy (FESEM), as
shown in Fig. 3. The surface morphology shows that the average
diameter of the Ni–CMC crosslinker is significantly larger than
that of the Ni-NPs. This indicates that the CMC has been coated
on the Ni-NP surface.

The EDS mapping of the Ni–CMC nanocomposite shows
distinct peaks of Ni, C, and O, confirming successful composite
formation. The characteristic Ni signals at B0.85 keV and
B7.47 keV verify the presence of nickel nanoparticles, while
the C Ka (B0.27 keV) and O Ka (B0.52 keV) peaks originate
from the CMC coating. Elemental mapping reveals the uniform
distribution of Ni, along with C and O, indicating the effective
CMC coating and stabilization of Ni nanoparticles.

3.2. Thermal properties of CMC and the Ni–CMC crosslinker

The thermal properties of CMC and the Ni–CMC crosslinker
were studied using TGA analysis. The TGA and DTGA plots are
shown in Fig. 4. It is found that CMC loses about 81% its initial
mass up to 1200 1C, and the Ni–CMC crosslinker loses only
about 46% of its initial mass up to 1200 1C. This indicates the
superior thermal stability of the Ni–CMC crosslinker compared
with CMC. The DTGA curve indicates three major weight loss
points for CMC. The first one is near 90 1C due to moisture
removal, the second one is at about 200 1C due to CO2 removal
from the –COO� of CMC, and the third one is at approximately
300 1C due to C–O–C breakdown from CMC. On the other hand,
the Ni–CMC crosslinker shows five major weight loss points.
The first one is at about 90 1C due to moisture and H2O
removal; the second one is near 200 1C due to CO2 removal
from –COO�; the third one is at about 250 1C, most probably
due to the breakdown of electrostatic interactions between Ni2+

and –COO�; the fourth one is at approximately 300 1C due to C–
O–C breakdown; and the fifth one is at about 400 1C, most
probably due to Ni–O coordination interaction breakdown.

CMC loses 12.39% of its mass at 200 1C due to CO2 removal
from the –COO� group, but Ni–CMC loses only 5.28% of its
initial mass at 200 1C due to CO2 removal from the –COO�

group, which indicates that a large portion of COO� is already
involved in electrostatic interactions with Ni2+. CMC loses
34.56% of its mass at 300 1C due to C–O–-C breakdown, but
Ni–CMC loses only 13.75% of its initial mass at 300 1C due to
C–O–C breakdown, which indicates that a large amount of O
atoms of C–O–C is already involved in coordination bonding
interactions with Ni2+. All these data indicate the higher thermal
stability of the Ni–CMC composite compared with CMC.

3.3. Mechanical properties of PAA–CMC, PAA–Ni and the
PAA–Ni–CMC hydrogels

Tensile measurements were conducted in a systematic way to
investigate the mechanical behavior of hydrogels and hydrogel
nanocomposites. The tensile stress–strain curves of PAA–CMC,

Fig. 3 FESEM images of (a) Ni-NPs and (b) Ni–CMC crosslinker. (c) EDS
elemental mapping of the Ni–CMC crosslinker.
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Fig. 4 (a) TGA curves of CMC and the Ni–CMC crosslinker. (b) DTG curves of CMC and the Ni–CMC crosslinker.

Fig. 5 Stress–strain curves of the (a) PAA–CMC, (b) PAA–Ni and (c) PAA–Ni–CMC hydrogels with different concentrations of crosslinkers.

Fig. 6 Comparison of the (a) Young’s modulus, (b) tensile strength, (c) elongation at break, and (d) mechanical toughness of PAA–Ni, PAA–CMC and
PAA–Ni–CMC hydrogels with varying concentrations of the crosslinker.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
7:

00
:4

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01533b


Mater. Adv. © 2026 The Author(s). Published by the Royal Society of Chemistry

PAA–Ni, and PAA–Ni–CMC hydrogels with different concentra-
tions of Ni-NPs are compared in Fig. 5. The mechanical proper-
ties of these hydrogels have also been compared in a bar plot,
as shown in Fig. 6. The mechanical toughness of the PAA–CMC
hydrogel improves with increasing percentage of CMC in the
PAA hydrogel. However, the toughness increases up to 0.35%
Ni-NPs for the PAA–Ni hydrogel, and then, the toughness
decreases with a further increase in the percentage of Ni-NPs.
This increasing and decreasing pattern in the mechanical
toughness has also been found when using Ni–CMC as the

crosslinker in the PAA hydrogel. Though the PAA–Ni–CMC
hydrogel exhibits much better mechanical toughness than the
PAA–Ni hydrogel, in both cases, the mechanical toughness
increases with increasing percentage of the crosslinker (up to
0.35%) and then decreases with a further increase in the
crosslinker percentage.

The Young’s modulus, tensile strength, and toughness of
the hydrogels were evaluated from the stress–strain curves. The
incorporation of Ni-NPs into the PAA hydrogels results in
higher values of Young’s modulus and tensile strength, which

Table 1 Comparison of the mechanical properties of various PAA hydrogels with reported values

Hydrogels Young’s modulus (kPa) Tensile strength (kPa) Elongation at break (%) Toughness (kJ m�3) Ref.

PAA–GO–Fe3+ 32 272 2185 3400 22
PAA–MBA 133 225 670 950 22
PAA–GOBC 161 248 4078 7124 22
PAA–CNC 27 142 1107 — 53
PAA–Si 30 157 987 1385 54
PAA–HB 247 188 513 — 55
PAA–GO 215 194 527 — 55
PAA–HB–GO 265 251 745 — 55
PAA–NCC 170 144 243 — 56
PAA–DANC 170 124 220 — 56
PAA–DCNC 297 209 786 — 56
PAA–Ni 108 180 1488 1104 This work
PAA–CMC 73 160 2100 1433 This work
PAA–Ni–CMC 194 425 1745 2297 This work

Fig. 7 Comparison of the self-healing efficiency of the (a) PAA–Ni, (b) PAA–Ni–CMC composite hydrogels and (c) the real time images demonstrating
the self-healing efficiency.
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increase when the amount of Ni-NPs is increased. When using
Ni–CMC as a crosslinker in the PAA hydrogel, the increase in
the Young’s modulus and tensile strength is more prominent.
However, the effect of the variation of CMC content in the
mechanical properties of PAA hydrogels was found to be insignif-
icant. The incorporation of a higher percentage of crosslinkers
increases the bond density in the polymer network, which is
responsible for the increase in Young’s modulus and tensile
strength. CMC, Ni-NPs, and Ni–CMC crosslinker-incorporated
PAA hydrogels exhibit the same decreasing trend for the elonga-
tion at breaking. The incorporation of more crosslinkers increases
the bond density in the polymer chain, which is responsible for
making the hydrogel tougher and decreasing the elongation.

The mechanical properties of the PAA-based hydrogels con-
taining different types of crosslinkers are listed in Table 1. It
can be seen that the Ni–CMC crosslinker provides significantly
better mechanical strength than most of the crosslinkers
reported in recent studies on PAA-based hydrogels.

3.4. Self-healing properties

The self-healing properties of the PAA–Ni and PAA–Ni–CMC
hydrogels having different percentages of crosslinkers were
investigated. To do that, the prepared hydrogels were cut into
two pieces. Then, the cut surfaces were kept in contact for a
specific period at room temperature, after which the tensile
tests were performed to assess the self-healing efficiency. The
pieces merge over time due to their dynamic bond formation. It
is found that after self-healing, the gels can be bent, twisted
and stretched to a large extent without fracture, which demon-
strates the excellent self-healing capacity of the prepared
hydrogels.

The stress–strain curves of the PAA–Ni and PAA–Ni–CMC
hydrogels with different concentrations of crosslinkers after
self-healing and the real-time images demonstrating the self-
healing ability of PAA–Ni–CMC hydrogels are shown in Fig. 7,
and the corresponding recovery percentages of the tensile
strength, elongation at break, and mechanical toughness of
the same hydrogels are shown in Fig. 8. The real-time images
clearly illustrate crack closure and reconnection at the damaged
interface, providing direct visual evidence of the self-healing
ability. The healed PAA–Ni–CMC hydrogels are also found to be
strong enough to be stretched and twisted to a reasonable extent.
Using a hybrid network constructed by a combination of rever-
sible physical crosslinking, it is shown that it is possible to
significantly enhance the mechanical characteristics of hydro-
gels while still retaining their self-healing capability.

As can be seen in Fig. 8, the recovery percentage for the
hydrogels containing the Ni–CMC crosslinker is significantly
higher than for those containing Ni-NP only. The better self-
healing properties of PAA–Ni–CMC hydrogels can mainly be
attributed to the reversible noncovalent bonds in the 3D net-
works (such as hydrogen bonds in the Ni–CMC and PAA
network and coordination interactions in the PAA and Ni–
CMC network). On the contrary, PAA–Ni hydrogels contain only
ionic and coordination bonds, leading to a much lower recovery
percentage compared with PAA–Ni–CMC hydrogels.

The PAA–Ni–CMC with 0.35% hydrogels recovers as much as
about 56% of its tensile strength within 24 h. However, the
maximum recovery in the elongation at break and mechanical
toughness is observed for the PAA–Ni–CMC hydrogel with 0.4%
crosslinker.

The self-healing performance of hydrogels mainly depends
on the amount of ionic interactions formed between the Ni2+

ions and PAA chains. The ionic interactions are strong and
reversible in nature. When the hydrogels are separated by
cutting and the damaged regions are put in contact, the Ni2+

ions and COO� groups of PAA are attracted to each other by
ionic interactions and form coordination bonds, contributing
to the healing of the fracture. In addition, the Ni–CMC provides
coordination interactions and hydrogen bonding sites to regain
the original mechanical performance. However, due to the lack
of hydrogen bonds, PAA–Ni exhibits inferior self-healing. Adding
Ni–CMC in the polymer matrix of PAA remarkably improves the
self-healing performance due to the considerable coordination
interactions between nickel ions and COO� groups and hydro-
gen bonds provided by both PAA and the Ni–CMC crosslinker.

3.5. Conductivity of the PAA–Ni–CMC hydrogel

Electrical conductivity in the polymer hydrogels can be
imparted either by using an electrically conductive monomer

Fig. 8 Comparison of the self-recovery efficiency of the (a) PAA–Ni and
(b) PAA–Ni–CMC composite hydrogels.
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or by doping with other electrically conductive materials. In
this study, as Ni-NPs have been incorporated in the hydrogel
network as the crosslinker, which are one of the well-known
conductive metals, it is expected that the PAA–Ni–CMC hydro-
gel materials will be electrically conductive. The conductivity of
the PAA–Ni–CMC hydrogel nanocomposite was recorded as a
function of the frequency at room temperature using an
impedance analyser, as shown in Fig. 9. The PAA–Ni–CMC
composite hydrogel with 0.35% crosslinker shows an AC con-
ductivity of about 1.9 S m�1.

The electrical conductivity of a few other metal–hydrogels
is summarized in Table 2. It is found that the conductivity of

PAA–Ni–CMC composite hydrogels is comparable with the
conductivity reported for other similar types of metal-
hydrogel nanocomposites.

3.6. Magnetic properties of the PAA–Ni–CMC composite
hydrogel

The magnetic property of the PAA–Ni–CMC composite hydrogel
was measured using a vibrating sample magnetometer (VSM). The
magnetic hysteresis loop for the PAA–Ni–CMC with 0.35%
Ni–CMC crosslinker is shown in Fig. 10, showing the coercivity,
retentivity, and maximum saturation point. The maximum

Table 2 Comparison of the electrical conductivity of different types of
conducting hydrogels

Nanoparticles Hydrogels
Conductivity
(S m�1) Ref.

Au Chitosan–gold nanoparticles 0.13 57
Au Collagen–gold nanoparticles 1.3 � 10�6 58
Ag Collagen–silver

nanoparticles
8 � 10�7 58

Ag Lignin–silver 2.9 59
Ag Alginate–silver 0.001–100 60
W Alginate–tungsten 0.0001–100 60
Fe Fe3O4–MoS2–PANI 0.2 61
Cu Polyacrylamide–Cu 0.001 62
Ni Polyacrylic acid–Ni–cellulose 1.9 This work

Fig. 10 Magnetic hysteresis loop of the PAA–Ni–CMC composite hydrogel
showing the coercivity (a), retentivity (c), and maximum saturation point (e).

Fig. 9 Electrical conductivity of the PAA–Ni–CMC composite hydrogel.

Fig. 11 Swelling behaviour of the as-prepared (a) PAA–Ni hydrogels and
(b) PAA–Ni–CMC hydrogels with different concentrations of crosslinkers,
(c) comparison of swelling ratios of PAA–Ni and PAA–Ni–CMC hydrogels.
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saturation magnetization of the PAA–Ni–CMC nanocomposite was
found to be 0.00017 emu per g. The prepared hydrogel nanocom-
posite also exhibited moderate retentivity (0.00004 emu per g) and
coercivity (2062 Oe), as shown in the hysteresis loop.

3.7. Swelling properties of PAA–Ni and the PAA–Ni–CMC
composite hydrogels

The crosslinking ability of Ni and Ni–CMC crosslinkers in PAA–
Ni and PAA–Ni–CMC hydrogels, respectively, was investigated
by studying the swelling behaviour. The swelling kinetics of the
PAA nanocomposite hydrogels with different concentrations of
the crosslinker are shown in Fig. 11.

The nature of crosslinking and the crosslinking density of
the hydrogel network play important roles in the swelling ratio.
It was observed that the PAA hydrogel with Ni-NPs absorbed a
large amount of water over time. The swelling capacity
increased significantly after 48 h. The PAA hydrogels with Ni-
NPs showed less swelling kinetics. However, when the Ni–CMC
crosslinker was incorporated into the PAA composite hydrogels,
the swelling capacity was found to increase, and the swelling
ratio was stable after 48 h. The addition of the Ni–CMC cross-
linker increased the swelling capacity of the PAA hydrogel.
CMC has a great water retention capacity, which is responsible
for the increased swelling behaviour of all PAA–Ni–CMC
hydrogels.

4. Conclusions

We successfully developed the Ni–CMC crosslinker, in which
Ni-NPs improve the mechanical toughness of the hydrogel and
impart magnetism into the prepared composite hydrogel. The
incorporation of Ni-NPs into CMC was confirmed using FESEM
by comparing the nanoparticle size, and FTIR also showed the
characteristic peaks of the Ni–CMC crosslinker. The PAA–Ni–
CMC composite hydrogel was prepared using free radical
polymerization, with KPS as the initiator. The mechanical
toughness and self-healing capability of the hydrogel were
studied by varying the composition of Ni-NPs in the hydrogel.
It was found that the hydrogel with a lower percentage of Ni-
NPs showed better elongation at break than the hydrogel with a
higher percentage of Ni-NPs. As the percentage of Ni-NPs
increased, the elongation at break of the hydrogel decreased,
while its tensile strength increased. The prepared hydrogel also
showed significant self-healing capability due to the physical
bonding sites offered by the CMC network. The PAA–Ni–CMC
hydrogel showed almost 60% recovery in tensile strength, while
the recovery in elongation at break was more than 70%. Most
importantly, the prepared hydrogel showed responsiveness to a
magnetic field, as characterized by a Gauss meter. This respon-
sive nature of the hydrogel and excellent mechanical toughness
and self-healing capability highlights the strong potential of
PAA–Ni–CMC composite hydrogel advanced applications, par-
ticularly in soft robotics, biosensors and controlled drug
delivery.
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