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Abstract The effect of cellulose nanofibers (CNFs)

on the mechanical and structural properties of poly

(vinyl alcohol) (PVA) hydrogels cross-linked dually

by a freezing/thawing method and a cross-linker

(borax) was investigated using tensile tests, FT-IR

measurements and synchrotron simultaneous small-

angle/wide-angle X-ray scattering (SAXS/WAXS).

The cross-linking with borax and addition of CNF

greatly improved the tensile performance of the PVA

hydrogels prepared in the freezing/thawing method,

e.g., the dual cross-linking resulted in remarkable

increase in the fracture strain, the Young’s modulus

and the tensile strength. The fiber length effect on the

mechanical properties of the CNF/PVA/borax

hydrogels was examined, so that addition of CNF

with longer fiber length increased the tensile modulus,

whereas addition of CNF with shorter length caused

extensibility higher than 1000% even at high CNF

concentrations. SAXS/WAXS and FT-IR measure-

ments have revealed that PVA was crystallized due to

the freezing/thawing process, and both of PVA and

CNF were cross-linked with borax, and hydrogen

bonds between hydroxy groups of PVA (or/and CNF)

were formed, indicating that the multiple cross-linking

is effective for improvement of the tensile perfor-

mance. In addition, the CNF/PVA/borax gel with the

multi-physical cross-linking was found to possess the

ability of the self-healing.

Keywords Cellulose nanofiber � Composite

hydrogels � Synchrotron small-angle X-ray scattering �
Highly stretchable � Poly (vinyl alcohol) � Freezing/
thawing method

Introduction

Cellulose is the most abundant and sustainable

biomaterials, and has been incorporated into polymers

and rubbers as reinforcing agents. Reinforcement of

polymers and rubbers can be achieved more efficiently

by addition of nanocellulose (NC) such as cellulose

nanocrystal (CNC) and cellulose nanofiber (CNF) that

enables us to fabricate nanocomposite materials with
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excellent mechanical performance, because miniatur-

ization of cellulose fibers and cellulose crystals makes

the dispersion of NC feasible (Wang et al. 2017; Xu

et al. 2013).

Nanocomposite hydrogels containing a large

amount of water are also attractive for potential

application in a wide range of fields such as biomed-

ical science (Hoffman 2012; Vashist et al. 2018),

membrane (Cong et al. 2007), and actuators and

sensors (Bauer et al. 2014; Chen and Pei 2017;

Golmohammadi et al. 2017). In fact, incorporation of

nanomaterials such as nanoparticles and nanofibers

into polymer hydrogels has been widely used to

improve the mechanical performance (Boyaci and

Orakdogen 2016; De France et al. 2017; Takeno and

Nakamura 2013). In most cases, the improvement can

be accomplished, when the nanomaterials are well

dispersed in the matrix and favorable interactions

between the nanomaterials and polymer matrix exist

(De France et al. 2017; Takeno and Kimura 2016). In

the case of nanocellulose, it has some hydroxy groups

in the repeating units, which can interact with various

functional groups.

Poly(vinyl alcohol) (PVA), which is a water-

soluble and biocompatible polymer, can be cross-

linked chemically by the cross-linking agents such as

glutaraldehyde (Lee et al. 2017) or physically by the

micro-crystallites formed in the freezing–thawing

(FT) process (Hassan and Peppas 2000a, b; Peppas

1975; Stauffer and Peppas 1992) and by complexing

PVA with borate ions (Narita et al. 2013). In the FT

process, water molecules crystallize with expelling

PVA chains, which causes the more concentrated PVA

region, so that crystallization of PVA is likely to occur

(Holloway et al. 2013). Recent studies have shown

that combination of multiple cross-linking has been

effective for enhancement of mechanical perfor-

mance. Lee et al. reported that the fracture stress of

the hydrogel cross-linked by glutaraldehyde and by

the FT method reached 12.6 MPa (1 FT cycle) and

18.3 MPa (5 FT cycles) (Lee et al. 2017). However,

the fracture strain showed very low values of 34% (1

cycle) and 9.8% (5 cycles). Huang et al. fabricated

PVA hydrogels cross-linked by borax, blending with

polyvinylpyrrolidone (PVP) and a FT method (3

cycles). The compressive strength of the hydrogel with

the best performance attained 1.8 MPa (80% com-

pression) (Huang et al. 2017). However, no tensile

tests were carried out in the literature.

It is a challenging subject to clarify the relationship

between the mechanical properties and structure of the

hydrogel with multiple-crosslinking because of the

complex structure. Detailed structural analysis is

necessary to characterize the hydrogel and understand

the mechanism of high mechanical performance.

Scanning electron microscopy (SEM) has been used

as one of techniques to observe the structure of the

hydrogel (Avolio et al. 2012, 2015). However, the

process such as freeze-drying is necessary for the SEM

observation of hydrogels, and the freezing process

may influence the structure of the hydrogel (Hassan

and Peppas 2000a, b). Thus, in-situ observation of the

structure is more desirable for structural investigation

of the hydrogel.

In-situ observation using simultaneous synchrotron

small-angle X-ray scattering (SAXS) and wide-angle

X-ray scattering (WAXS) are very effective to clarify

structure of nanocomposites. Especially the syn-

chrotron SAXS/WAXS measurements have been used

to characterize structures of nanomaterials containing

crystalline substances (Kaneko et al. 2013; Rath et al.

2014; Takeno 2016; Takeno et al. 2015). Thus, we

believe that the SAXS/WAXS is one of the most

suitable techniques to characterize CNF/PVA com-

posite hydrogels. Our particular attention is to clarify

the relationship between the mechanical properties

and structure of the hydrogels from the structural

analysis.

In this study, we investigated the mechanical and

structural properties of PVA hydrogels cross-linked by

a FT method and borax using tensile tests, simultane-

ous SAXS/WAXS and FT-IR techniques, and further-

more the effect of reinforcement of CNF on the PVA/

borax hydrogels. In this paper, we shall show that the

composite gels possess an excellent mechanical per-

formance with high stretchability and self-healing

ability.

Experimental

Materials

Three types of CNFs, IMa (polymerization degree of

800), WMa (polymerization degree of 650), and FMa

(polymerization degree of 200) with different fibrous

length were purchased from Sugino Machine Ltd.

IMa, WMa and FMa are hereafter designated as CNF-
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L, CNF-M and CNF-S, respectively. Poly (vinyl

alcohol) (PVA) with weight-averaged molecular

weight of 89,000–98,000 and hydrolysis higher than

99% from Sigma-Aldrich and sodium tetraborate

decahydrate (Kanto Chemical Co. Inc.) were used in

this study.

Preparation of CNF/PVA hydrogels

CNF and sodium tetraborate (borax) decahydrate were

added to water in a vial, and afterwards the mixture

was heated to 90 �C in order to dissolve borax.

Furthermore, CNF was dispersed using an ultrasonic

homogenizer (QSONICA, Model Q55) for 2 min at

room temperature. In the case of the hydrogels without

borax, after CNF was added to water in a vial, it was

dispersed using the ultrasonic homogenizer for 2 min

at room temperature. PVA was added to the mixture,

and afterwards the vial was placed in the oil bath set at

90 �C for 60 min to dissolve PVA. The hydrogel

prepared thus was placed in a stainless mold with a

thickness of 1 mm, and was pressed for 10 s

at * 65 �C. Then, after the hydrogel was placed in

a refrigerator at - 20 �C for 1.5 h, it was thawed at

room temperature for 1 day. The final concentrations

of PVA and borax were 30 wt% and 1 wt%, respec-

tively. The CNF-L, M, S were finally prepared at 1, 2,

and 4 wt%.

Tensile tests

The samples (1 mm thickness) for tensile tests were

cut with a dumbbell cutter (No.8, Kobunshi Keiki Co.

Ltd.). The tests were performed at a speed of 10 mm/

min, to obtain tensile stress (r)-strain (DL/L0) curves,
where r was calculated with a cross-sectional area of

the undeformed gel. DL and L0 denote the deformation

of the gel and the initial length before deformation,

respectively. The elastic modulus (Young’s modulus)

Ewas estimated from a slope of the stress–strain curve

at small strains. The average values of E, the fracture

stress rf and the fracture strain ef were obtained from

at least four measurements.

FT-IR

Fourier transform infrared spectroscopy (FT-IR,

JASCO FT/IR 4700) was used to characterize the

chemical structure of the hydrogels. The hydrogel

prepared in the above manner was put in a stainless

mold with a thickness of 0.5 mm, and then freeze-

dried. Afterwards, the sample was further dried in a

vacuum oven at 100 �C for ca. 12 h. The dried sample

was measured by the attenuated total reflection (ATR)

method.

Characterization of CNF

The samples of CNFs and the CNF composite

hydrogels were observed under a field emission

scanning electron microscope (FE-SEM Hitachi-

4700, Japan). A completely dried blank sample was

placed on a copper base, to which it was attached using

conductive tape. This blank sample was then plated

with platinum in a vacuum deposition machine, before

being placed on the sample base of the FE-SEM for

observation under an accelerating voltage of 10 kV at

a working distance (WD) of 15 mm. The substances

on the surface of the sample were then analyzed by

energy dispersive spectroscopy (EDS) (HORIBA,

Japan).

X-ray Diffraction (XRD) measurements were car-

ried out to estimate crystallinity of CNF-L, M and S

with an X-ray diffractometer (RIGAKU,

RINT2200VF) using CuKa radiation at the Center

for Instrumental Analysis of Gunma University. After

the CNF dispersions were freeze-dried, the freeze-

dried powder was filled in an aluminum spacer. The

diffracted intensities were recorded in the range of

10�–60� at room temperature. The crystallinities of

CNF-L, M and S were evaluated from the ratio

between the area of crystalline reflection and the area

of the whole diffraction profile.

Synchrotron SAXS/WAXS

Synchrotron simultaneous SAXS and WAXS mea-

surements were performed at the beam line BL-6A at

the photon factory of the High Energy Accelerator

Research (KEK) in Tukuba, Japan. The methodology

in synchrotron scattering experiments has been

described elsewhere (Takeno 2016). Scattered inten-

sity from X-ray with a wavelength of 1.5 Å was

detected with PILATUS 1 M and 100 K for SAXS and

WAXS measurements, respectively. The scattered

images were circularly averaged to obtain the scatter-

ing curves as a function of the magnitude of the

wavevector q.(Ilavsky 2012; Shimizu et al. 2016) The
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SAXS intensity was corrected for the incident beam,

background scattering and transmission, and reduced

to absolute units.(Zhang et al. 2010).

Self-healing

We checked the ability of the self-healing for the gel

sheet prepared in the above manner. The gel was cut in

the middle of the sheet, and then the self-healing of the

cut gel was examined by keeping the cut surface in

contact at 25 �C for 24 h in an incubator. To prevent

the vaporization of water during the self-healing

process, the gel sheet was sandwiched between two

pieces of Kapton film, and was placed in a plastic

container with a cover, in which high humidity was

kept by putting a petri dish full of water. Tensile

measurements were conducted for the self-healed gel.

Results and discussion

Characterization of CNF

The XRD profiles for CNF-L, M and S powders are

shown in Fig. S1, where crystalline peaks character-

istic of cellulose crystals (Park et al. 2010) were

observed for all the profiles.We estimated crystallinity

of CNF-L, M and S from their XRD curves, so that

their crystallinities were 0.65 (for CNF-L), 0.49 (CNF-

M) and 0.55 (CNF-S). Furthermore, SEM was used to

observe the morphology of CNF (Fig. S2). We show

the SEM images of CNF samples dried on a copper

grid in Fig. S2 in the Supplementary Material.

Although their fibers are somewhat aggregated, the

fiber length of CNF-L, CNF-M and CNF-S appear to

be approximately[ 20 lm, 5–10 lm and * 1 lm,

respectively.

Mechanical properties of hydrogels

Firstly, let us show the mechanical properties of CNF-

M/PVA and CNF-M/PVA/borax hydrogels in order to

clarify the effect of borax on the mechanical properties

of CNF/PVA hydrogels. Since the CNF-M/PVA

hydrogels have comparatively good properties in both

tensile strength and stretchability as shown later, they

are appropriate to investigate the effect of borax.

Figure 1 presents tensile stress–strain curves of CNF-

M/PVA hydrogels prepared in the FT method without

borax (a) and with it (b) at various CNF-M concen-

trations. The tensile stress for the CNF-M/PVA gels

without and with borax increased with the increase of

the CNF-M concentrations, indicating that CNF-M

plays a significant role in enhancement of the

mechanical strength. As a matter of fact, the CNF-

M/PVA/borax gel is robust, e.g., 2 wt% CNF-M/PVA/

borax gel with a thickness of 1 mm is able to lift a

weight of * 1 kg (Fig. 2). The Young’s modulus E,

the fracture stress rf and the fracture strain ef are

shown in Fig. 3a–c. For CNF-M/PVA gels without

borax, both E and rf became larger with the increase

of the CNF-M concentrations, whereas ef monoto-

nously decreased. On the whole, extensibility for

CNF-M/PVA hydrogels was low (\ 350%), though

the Young’s modulus reached * 1 MPa at 4 wt%

CNF-M. In the case of CNF-M/PVA hydrogels

containing borax, addition of borax significantly

improved extensibility, e.g., the extensibility of the

PVA/borax gel without CNF-M attained the value

larger than 1000%, whereas that of the gel containing

CNF-M was * 600%. Addition of CNF-M improved

the tensile strength, which reached the maximum

value of * 0.94 MPa at 2 wt% CNF-M, indicating

that CNF-M made a great contribution to reinforce-

ment of the PVA/borax hydrogel. The reinforcement

effect of CNF on the elongation of the hydrogel is

caused by the interaction between CNF and PVA, or

the complexation between borax and CNF as shown

later. On the other hand, the lowering of the elongation

accompanied by addition of CNF may result from the

increase in the structural inhomogeneity in the gel.

Next, we investigated the effect of the fiber length

of CNF on the tensile properties of PVA/borax

hydrogels prepared in the FT method. Figure 4 depicts

the tensile stress–strain curves (a), the Young’s

modulus E (b), the fracture stress rf (c) and the

fracture strain ef (d) for CNF/PVA/borax gel at

different CNF fiber lengths. The gels using CNF with

shorter fiber length (CNF-S) were highly stretchable,

and the extensibility attained the values higher than

1000% at all CNF-S concentrations covered in this

study. Contrary to this, the Young’s modulus for CNF/

PVA gels with longer fiber length was higher, whereas

the extension was not high much in comparison with

that of CNF-S/PVA/borax gels. These results may

arise from difference in dispersion of CNF, i.e., the

dispersion of CNF in CNF-S/PVA/borax gels may be

comparatively homogeneous, whereas that of CNF-L/
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PVA/borax gels may be inhomogeneous, because they

are difficult to disperse CNF.

Wide angle X-ray scattering and Fourier transform

infrared spectroscopy

Figure 5 presents WAXS profiles for PVA hydrogels

with and without borax, and for 2 wt% CNF-M/PVA/

borax hydrogels. All the WAXS curves had a peak at

q = 1.38 Å-1, which corresponds to overlapping of

(101) and (101) Bragg peaks from crystallites of PVA

(Huan et al. 2016; Kanaya et al. 1994). The peak areas

for PVA/borax, and CNF-M/PVA/borax hydrogels

were smaller than that of the PVA hydrogel without

borax (see magnification around the (101) and (101)

Bragg peaks in Fig. 5b). The WAXS curves for the

freeze-dried samples also show the similar behavior,

i.e., the peak for the hydrogel containing borax is

broader than that of the hydrogel without borax (see

Fig. S3 in the supporting information). These results

suggest that cross-linking between PVA and borax

tends to suppress crystallization of PVA. A small peak

at q& 1.59 Å-1 in Fig. 5a was observed only for PVA

hydrogel containing CNF-M, which corresponds to

reflection from (200) plane of cellulose Ib crystals

(Huan et al. 2016; Zhang et al. 2014). Thus, theWAXS

measurements have shown that CNF/PVA hydrogels

are reinforced by the PVA crystallites and the rigid

cellulose crystalline fibers.

FT-IR measurements were performed to elucidate

the interactions between constituent molecules. Fig-

ure 6a presents FT-IR spectra of CNF-M, PVA, and

CNF-M/PVA, which do not contain borax. Large and

broad peaks were observed at 3362 cm-1, which was

assigned to O–H stretching vibration of hydroxy

groups that forms intermolecular hydrogen bonds

(Han et al. 2017). We confirmed intermolecular

hydrogen bonds in the CNF-M/PVA composite

hydrogel according to the method by Peresin et al.

(2010), i.e., the spectrum obtained by subtracting the

spectrum of PVA from that of CNF-M/PVA was

compared with the spectrum of CNF-M, where a scale

factor was used on the basis of the adsorption of PVA

at 850 cm-1 (see the arrows in Fig. 6a). On the whole,

the subtracted spectrum is similar to that of CNF-M,

e.g., absorption peaks for both systems were observed

at 3335 and 3287 cm-1 as shown in Fig. 6b, which is

similar to the result by Gentile et al. (2018).

When we take a close look at the spectra, the

subtracted spectrum was somewhat broader than that

Fig. 1 Representative stress–strain curves for CNF/PVA hydrogels (a) and for CNF/PVA/borax hydrogels (b) at different CNF-M
concentrations

Fig. 2 Pictures of a weight of * 1 kg (left) and 2 wt%CNF-M/

PVA/borax gel that lifts the weight (right)
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of CNF-M, which may suggest the existence of

hydrogen bonds between hydroxyl groups of CNF-M

and PVA. Figure 7a depicts FT-IR spectra of CNF-M/

borax, PVA/borax, and CNF-M/PVA/borax. Several

peaks characteristic of the presence of borate were

observed at 660 (bending of B–O–B linkages within

borate networks), 830 (B–O stretching from residual

B(OH)4
-), 1333 and 1416 cm-1 (asymmetric stretch-

ing relaxation of B–O–C) (Spoljaric et al. 2014). The

peaks at 1333 and 1416 cm-1 suggest that two types of

complexation between hydroxy groups and borate is

formed for both systems of PVA/borax and CNF-M/

borax, i.e., the former peak corresponds to tetrahedral

complexation, whereas the latter peak indicates

formation of trigonal complexation (Fig. 7b) (Kobaya-

shi and Kitaoka 1997; Spoljaric et al. 2014). Thus,

WAXS and IR results have clarified that a dual cross-

linking by micro crystallites of PVA arising from the

FT process and by complexation between PVA (or

CNF) and borate form the network of the composite

gel.

Structure of CNF/PVA hydrogels cross-linked

by freezing/thawing method and borax

First we present SEM images for CNF-M/PVA and

CNF-M/PVA/borax hydrogels in Fig. 8. The hydrogel

containing borax shows a three-dimensional network

morphology with small voids, which are formed by

removal of water arising from freeze-drying. Also the

images suggest that CNF somewhat aggregates in the

composite gel.

Fig. 3 The Young’s modulus (a), the fracture stress (b) and the fracture strain (c) for CNF/PVA hydrogels without and with borax at

different CNF-M concentrations
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We investigated structures of CNF/PVA hydrogels

cross-linked by microcrystals of PVA and complex-

ation between borate and hydroxy groups using

synchrotron SAXS. The scattering intensity I(q) from

monodisperse particles can be expressed as a function

of the magnitude of the wave vector q as follows

(Takeno 2016; Wang 2004),

I qð Þ ¼ KP qð ÞS qð Þ; ð1Þ

where q is defined by

q ¼
4p sin h

2

k
: ð2Þ

Here, k and h are the wavelength of X-ray and the

scattering angle, respectively. P(q) and S(q) are the

form factor of the particles and the structure factor,

respectively. K is a prefactor of the scattering

intensity.

Figure 9 shows SAXS profiles for PVA and PVA/

borax hydrogels prepared in the FT method. The

scattering intensity for the gel containing borax was

much lower at small q in comparison with the gel

without borax. This result suggests that the inhomo-

geneity in the gel is greatly suppressed by complex-

ation between the hydroxy groups and borate. The

structure of PVA hydrogel has been investigated by

many researchers, and the crystallites has a layered

structure.(Hassan and Peppas 2000a) As the PVA

hydrogels are composed of crystalline and amorphous

regions, we shall consider the structural model com-

posed of polymer crystals forming lamellar stacks and

amorphous polymers in this analysis. In the case of

Fig. 4 Representative stress–strain curves for 2 wt% CNF/PVA/borax hydrogels with different fiber length (a), the Young’s modulus

(b), the fracture stress (c) and the fracture strain (d) at different CNF concentrations
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lamellar crystals having the lamella thickness Lc, P(q)

is described by (Glatter and Kratky 1982)

P qð Þ� 1

q2
Lcsin qLc=2ð Þ

qLc=2

� �2
: ð3Þ

On the other hand, the structure factor for an infinite

number of lamellae is expressed by (Richter et al.

1997; Wang 2004)

S qð Þ ¼
sinh q2r2Ll=4

� �
cosh q2r2Ll=4

� �
� cos qLlð Þ

; ð4Þ

where Ll is the periodicity of a one-dimensional

paracrystalline lattice, and rLl is the standard deviation
of the Ll. The scattering intensity from the amorphous

region may be described by the Ornstein–Zernike

form.

Fig. 5 WAXS curves (a) and the magnification (b) for PVA, PVA/borax and 2 wt% CNF-M/PVA/borax hydrogels

Fig. 6 FT-IR spectra for CNF-M, PVA, CNF-M/PVA(1:1) (a), and FT-IR spectra subtracted the PVA spectrum from that of the CNF/

PVA and for CNF-M (b)
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I qð Þ ¼ I 0ð Þ
1þ n2q2

ð5Þ

Here n and I(0) represent the correlation length and the
scattering intensity at q = 0, respectively.

We analyzed the scattering intensity curves for

PVA and PVA/borax hydrogels using Eqs. (1)–(5).

The fitted curves are presented in Fig. 9, and the

obtained parameters are summarized in Table 1. The

values of the parameters for both gels are close except

Fig. 7 FT-IR spectra for CNF-M/borax, PVA/borax and CNF-M/PVA/borax (a) and structure of complexation between hydroxy

groups of PVA and borate (b)

Fig. 8 SEM images for CNF-M/PVA/borax, and CNF-M/PVA hydrogels
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for the correlation length. The correlation length for

the PVA/borax gel was much smaller than that of the

PVA gel, which suggests that the inhomogeneity in the

gel is suppressed due to the cross-linking between

borax and PVA.

Figure 10 depicts SAXS profiles for CNF-M/PVA/

borax gels at various CNF-M concentrations. These

SAXS curves also have a small and broad peak or a

shoulder around q = 0.035 * 0.05 Å-1, implying

that PVA forms lamella crystal in the CNF-M/PVA/

borax hydrogels as well as PVA/borax hydrogels. The

scattering curves for CNF-M/PVA/borax gels exhibit

a power-law behavior with an exponent at low q. The

power-law behavior comes from the scattering of

cellulose nanofibers. The Beaucage unified model has

been used to analyze the scattering curves from the

multilevel structures with the power-law behavior

(Beaucage 1995, 1996, 2004; Beaucage et al. 2004;

Beaucage and Schaefer 1994). The model smoothly

describes the transition between the power-law behav-

ior at high q and the Guinier behavior at low q as

follows,

I qð Þ ¼ Gexp �
q2R2

g

3

 !
þ B erf

qRgffiffiffi
6

p
	 
� �3p

q�p; ð6Þ

where the prefactors G and B have the following

relation,

B ¼ Gp

R
p
gC

p
2

� � ð7Þ

Rg is the radius of gyration of a structure at a given

level, and p is the exponent of the power-law

scattering. C(p/2) is the gamma function. We analyzed

the scattering data for CNF-M/PVA/borax gels with

the combination of Eqs. (1)–(7). As there are too many

parameters in Eqs. (1)–(7), we fixed the parameters of

the O–Z equation and the lamella thickness in this

analysis, where we used the parameters obtained in the

fitting analysis of PVA/borax gels. The solid curves in

Fig. 10 are the best fits according to Eqs. (1)–(7). The

scattering curves do not level off at low q and therefore

it is difficult to estimate Rg from these curves (Takeno

et al. 2012). Thus, we estimated Ll,rLl and p from the

fitting analysis. The results are presented in Table 2.

The values of the exponents (p = 2.26 * 2.42) much

larger than the exponent of 1, which represents the

scattering behavior from rod particles (I (q) * q-1),

were obtained for all CNF-M/PVA/borax gels. This

Fig. 9 Small-angle X-ray scattering intensity curves for PVA

hydrogels with and without borax

Table 1 The result of the parameters obtained in the fitting analysis for PVA and PVA/borax gels

Sample Lc/Å Ll/Å rLl/Å n/Å

PVA gel (FT) 58 ± 11 190 ± 16 113 ± 17 64 ± 36

PVA/borax gel (FT) 61 ± 43 203 ± 23 91 ± 24 25 ± 10

Fig. 10 Small-angle X-ray scattering intensity curves for CNF-

M/PVA/borax hydrogels at various CNF-M concentrations
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result suggests that the cellulose nanofibers somewhat

aggregate in the gel.

Self-healing behavior of CNF/PVA hydrogels

cross-linked by freezing/thawing method

and borax

Self-heling behavior was examined for the 2 wt%

CNF-M/PVA/borax hydrogel. The hydrogel with a

dumbbell shape was cut into two pieces, and imme-

diately the cut surface was brought into contact

(Fig. 11a). After the hydrogel was placed for 24 h at

25 �C in an incubator, the tensile test was carried out.

Figure 11b depicts typical stress–strain curves for the

self-healed 2 wt% CNF-M/PVA/borax and PVA/bo-

rax gels. For comparison, the tensile curves for the

uncut gels are also shown in the graph. The fig-

ures show that both CNF-M/PVA/borax and PVA/

borax hydrogels possess self-healing behavior. The

self-healing behavior of 35% PVA hydrogel prepared

in a FT method has been reported by Zhang et al.

(2012) Their result showed that the fracture stress of

the hydrogel after 48 h healing attained * 200 kPa

which corresponds to * 72% of the stress of the

original uncut hydrogel, whereas the fracture strain

achieved * 2.8 (280% elongation). Our study has

Table 2 The result of the parameters obtained in the fitting analysis for CNF-M/PVA/borax gels at various CNF-M concentrations

Sample Ll/Å rLl/Å p

4 wt% CNF-M/PVA/borax gel (FT) 109 ± 27 53 ± 12 2.26 ± 0.06

2 wt% CNF-M/PVA/borax gel (FT) 143 ± 36 72 ± 17 2.33 ± 0.09

1 wt% CNF-M/PVA/borax gel (FT) 151 ± 49 76 ± 25 2.42 ± 0.18

Fig. 11 Pictures of an original CNF-M/PVA/borax hydrogel (left), the hydrogel cut into two pieces (middle) and the hydrogel brought

into contact after being cut (right) (a). Representative stress–strain curves for the self-healed gels and the uncut gels (b)
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shown that the CNF/PVA hydrogels cross-linked by

both the FT method and borax also possess a self-

heling ability. The fracture stress and strain of PVA/

borax gel after 24 h healing attained 350 kPa and 6.6

(660% elongation), respectively, whereas those of the

CNF-M/PVA/borax gel after 24 h healing were

590 kPa and 4.4 (440% elongation) (see Table 3).

Thus, the self-healed gels were quite stretchable and

robust, although their elongations and tensile strength

became somewhat lower than those of the uncut gels.

Thus it has been confirmed that the self-healing ability

is maintained, even if borax and CNF is added to the

PVA gel prepared in the FT method.

Structural model for CNF/PVA hydrogels cross-

linked by freezing/thawing method and borax

As mentioned above, structures of CNF/PVA/borax

hydrogels were examined by FT-IR and simultane-

ous SAXS/WAXS techniques. Schematic illustration

of the structures of CNF/PVA/borax hydrogels

based upon these results is presented in Fig. 12.

These results have clarified that the PVA/borax

hydrogels are multiply cross-linked by the trigonal

and tetrahedral complexations between the hydroxy

groups and borate, hydrogen bonds between hydroxy

groups, and the lamella crystals of PVA. Although

the complexation has a tendency to decrease degree

of crystallinity of PVA, the tensile strength of the

PVA/borax hydrogel is higher than that of the PVA

hydrogels due to the multiple cross-linking. In

addition, the SAXS results have shown that the

PVA-borate complexation suppresses the structural

inhomogeneity of the hydrogel, so that the degree of

extensibility for the hydrogel has been greatly

improved. Thus, it is important to disperse the

cross-linking points for improvement of the mechan-

ical performance of the hydrogels, as has been

confirmed by other systems (Takeno and Sato 2016).

Addition of CNF to the PVA/borax hydrogel does

not affect the degree of crystallinity of PVA (see

Fig. S4 in the supporting information). On the other

hand, FT-IR measurements have confirmed that

complexation between CNF and borate is formed.

As a matter of fact, addition of borax to the CNF-M

dispersions highly enhances the viscoelasticity, e.g.,

the CNF-M/borax does not flow by inversion of the

vial for a short time (10 min), although the CNF-M

dispersion without borax flows (see Fig. S5 in the

supporting information). Accordingly, the mechani-

cal strength has been considerably enhanced by

addition of CNF to PVA/borax gels. Thus, it can be

concluded that CNF successfully works as a filler of

PVA/borax hydrogels.

Conclusion

We investigated mechanical properties and structures

of CNF/PVA hydrogels cross-linked by borax and

micro crystals of PVA that were formed in the FT

process. FT-IR experiments have confirmed two-types

of complexation between hydroxy groups of PVA (or

CNF) and borate, i.e., trigonal and tetrahedral com-

plexations. The complexations lessened the degree of

the crystallinity of PVA, and suppressed the structural

inhomogeneity in the gel. As a result, not only the

mechanical strength but also the extensibility of the

gels was considerably improved in comparison with

the gel without borax. Addition of CNF to the PVA/

borax hydrogel caused new crosslinks (or interactions)

such as complexations between hydroxy groups of

CNF and borate, and hydrogen bonds between PVA

and CNF, so that the tensile stress has been greatly

enhanced. In addition, it was found that the mechan-

ical performance significantly depends upon the size

of CNF. CNF/PVA/borax gels with shorter fiber length

are highly stretchable, e.g., they show extensibility

higher than 1000%, whereas the reinforcement effect

is more effective for the CNF/PVA/borax gels with

longer fiber length.

Table 3 Tensile properties

of the self-healed gel
Sample E/kPa rf /kPa ef

CNF-M/PVA/borax (uncut gel) (8.4 ± 3.0) 9 102 (9.4 ± 1.2) 9 102 6.0 ± 0.9

CNF-M/PVA/borax (self-healed gel) (6.0 ± 0.3) 9 102 (5.9 ± 0.8) 9 102 4.4 ± 0.4

PVA/borax (uncut gel) (2.5 ± 0.2) 9 102 (4.5 ± 0.2) 9 102 10.3 ± 0.6

PVA/borax (self-healed gel) (2.3 ± 0.1) 9 102 (3.5 ± 1.3) 9 102 6.6 ± 0.7
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