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ABSTRACT

Double-network (DN) hydrogel which possesses many superior performances

such as excellent toughness, viscoelasticity and self-healing ability has become

promising biomaterials. However, lack of thermal conductivity and moderate

adhesiveness has greatly limited their application as load-bearing cartilage

substitutes. Boron nitride itself has good rigidity and thermal conductivity but

poor water solubility. Hydroxylated boron nitride nanosheets (OH-BNNSs)

which have been previously reported have good water solubility (* 0.6 mg/

mL) and to obtain a homogeneous and stable dispersion. In this work, we

introduced OH-BNNS into DN hydrogel to obtain high thermal conductivity

and toughness hydrogel. The DN hydrogel is a class of physically double-net-

work hydrogel with hydrophobic association polyacrylamide (PAM) and partly

crystalline polyvinyl alcohol (PVA). Impressively, the obtained PVA/PAM/

BNNS composite hydrogel possesses super-flexibility, high toughness, good

thermal conductivity, appropriate tissue adhesiveness and stimuli-free self-

healing ability. Therefore, the composite hydrogel overcomes the poor

mechanical strength and locally overheating issues as cartilage substitutes and

may also become alternatives for antipyretic pastes.

Introduction

Hydrogel is a kind of polymer composite with water

as a dispersed medium in which polymer forms 3D

cross-linked network to hold water. They have been

used in many fields because of high water content

and biocompatibility, such as tissue engineering

[1, 2], artificial cartilage [3, 4], actuator [5, 6] and

wound dressing [7, 8]. However, their mechanical

strength and toughness fail to meet the demand for

practical application. Therefore, many researches on

improvement in strength and toughness have been

put forward, such as DN hydrogels [9, 10],

nanocomposite hydrogels [11, 12], slide-ring hydro-

gels [13, 14] and macromolecular microsphere com-

posite hydrogels [15, 16]. Among these methods,

introducing the second network is an effective
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strategy to get tough DN hydrogel with high

mechanical strength and toughness. For example,

Gong et al. [9] prepared DN hydrogel with poly(2-

acrylamido-2-methylpropane sulfonic acid sodium)

(PAMPS) as the first network and PAM as the second

network. The tensile and compressive strengths of

obtained DN hydrogel were 0.69 MPa and 17.2 MPa,

respectively, which were much higher than PAMPS

or PAM single-network hydrogels. However, the

chemically cross-linked DN hydrogel has the small

elongation at break and no self-healing property. Self-

healing property, a distinct characteristic of the nat-

ural biomaterial, refers to the ability to automatically

reassemble and repair itself after being damaged

from outside, and consequently enhance security as

well as prolong functional lifetimes [17, 18]. Our

previous report [19] has investigated a class of

physically double-network (PDN) hydrogel with

excellent self-healing property, which consisted of

hydrophobic association (HA) PAM as the first net-

work and partly crystalline PVA as the second net-

work. Normally HA gels [20] are obtained by

copolymerization of a hydrophilic monomer and a

hydrophobic monomer under the action of a surfac-

tant. The surfactants attract hydrophobic groups to

form hydrophobically associated domains which act

similarly to the cross-linkers in chemically linked

hydrogels and promote polymer chains cross-linking,

and thus, the gelation occurs and three-dimensional

hydrogel networks are constructed. PVA hydrogel

[21, 22] with high elasticity, prominent biocompati-

bility and superior lubricity has been the most

promising candidate in biomaterials. PVA hydrogel

occurs crystallization during the freeze–thawing

process which is the main reason to improve the

mechanical strength according to previous literature.

Because of the fully physical cross-linked network,

the hydrogel [19] reported in our previous work had

good toughness and excellent self-healing property.

Although the above-mentioned achievements

demonstrate the progress made, the fast development

of robust and self-healing hydrogel calls for new

requirements of performance. For example, local

temperature increase resulting from the low heat

transfer coefficient of the current polymer hydrogel

has always led to poor mechanical properties and

short lifetime [23–25]. Hexagonal boron nitrides

(h-BNs) [26, 27] are often considered as a structural

and isoelectronic analog of graphene, possessing

ultimate thermal, chemical stabilities and mechanical

strengths. However, h-BNs and derived boron nitride

nanosheets (BNNSs) generally behave poor solubility

not only in water but also in most organic solvents

[28]. So the current major challenge is water soluble,

especially in terms of their use in nanocomposite

hydrogels. Several approaches [29–31] have been

reported to improve the water solubility of the BNNS

by introducing hydroxyl (-OH) or amido (-NH2)

functional groups onto their basal plane or edges,

such as sonication-assistant exfoliation of bulk BN

powder in water [32, 33], solution-phase oxygen

radical functionalization of B atoms in the hexagonal

BN lattice [34], heating BN powder in air [35], ball

milling of BN powders in the presence of sodium

hydroxide [36] and treating bulk BN powder with hot

water steam [37]. But these OH-BNNSs were still

limited to water-soluble and small lateral size which

gone against thermal conductivity. Lin et al. [38]

reported a remarkable approach to functionally

modifying BN and thus got OH-BNNS with high

water solubility (up to 0.6 mg/mL) and large lateral

size (* 2–3 lm) via two-step chemical oxidation and

subsequent exfoliation processes. The as-prepared

OH-BNNSs were evenly distributed in the hydrogel.

On the one hand, the intrinsical hardness and high

thermal conductivity of OH-BNNS give the com-

posite hydrogel excellent mechanical toughness and

thermal conductivity. On the other hand, the

extraordinary network structure and hydrogen

bonding interactions between the OH-BNNS and

polymer chains play an important role in improving

the performance of hydrogel.

In this paper, the OH-BNNS was introduced to

PAM/PVA PDN hydrogel in which PAM was cross-

linked by hydrophobic association microregion con-

sisting of hydrophobic monomer (SMA) and surfac-

tant (SDBS) and PVA was cross-linked by crystalline

domain via cyclic freezing/thawing. The OH-BNNS

after two-step chemical oxidation and exfoliation can

be dispersed uniformly in the hydrogel without

aggregation. In the presence of O, N and H on the

polymer backbones and OH-BNNS, there will be

much more hydrogen bonds between polymer chains

and OH-BNNS. The hydrophobic associations and

abundant hydrogen bonds can be reformed without

any stimulation. As a result, the hydrogels could self-

heal under room temperature. The mechanical

behavior and thermal conductivity make a difference

as the concentrations of PVA and OH-BNNS change.

The PAM/PVA/BNNS hydrogel (with 0.4 wt% OH-
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BNNS) achieved remarkably enhanced thermal con-

ductivity from 0.33 to 0.47 W/(m K) (42% improve-

ment). Impressively, the PAM/PVA/BNNS hydrogel

showed moderate cohesive force with skins. Thus,

the PAM/PVA/BNNS hydrogels with outstanding

performance are expected to be promising candidates

in antipyretic paste and cartilage replacement.

Experimental methods

Materials

Commercially hexagonal boron nitride (h-BN) was

purchased from Ya’an Bestry Performance Materials

Stock Co., Ltd. H2SO4 (98%) and HCl (37%) were

provided by Xilong science Co., Ltd. KMnO4 (99.5%)

was purchased from Chengdu Kelong Chemical

Reagent Factory. A total of 30 wt% H2O2 and P2O5

were purchased from Chengdu Jinshan Chemical

Reagent Co., Ltd. Acrylamide (AM), PVA(1799) and

sodium dodecyl benzene sulfonate (SDBS) were

purchased from Aladdin Reagent Co., Ltd. Potassium

persulfate (KPS) was purchased from Tianjin Bodi

Chemical Co., Ltd., and was recrystallized from dis-

tilled water. Stearyl methylacrylate (SMA) was

obtained from J&K Chemical Technology Co., Ltd.,

and used without further purification.

Preparation of OH-BNNS

The route to functionalize h-BN is similar to the

previous work [38]. In brief, we firstly put 3 g h-BN,

2.5 g K2S2O8 and 2.5 g P2O5 into concentrated H2SO4

(12 mL). The mixture was stirred for 4.5 h under

80 �C to complete the preoxidization. After filtered

and washed, the preoxidized h-BN was dried at room

temperature. Next, the h-BN was added into con-

centrated H2SO4 of the ice bath, stirring vigorously,

and 15 g KMnO4 was slowly added. After that, the

mixture was heated 35 �C, reacting 2 h, and gradu-

ally added 250 mL water under another 2-h stirring.

Finally, adding water and 30 wt% H2O2 to terminate

the reaction, the resultant white color mixture was

filtered and washed with 10 wt% HCl solution.

Finally, the OH-BN was exfoliated in the water by

ultrasonication for 1 h, which was followed by a

3000 rpm/min centrifugation to get rid of aggregated

particles. A stable OH-BNNS suspension with a

concentration of * 0.6 mg/mL was obtained.

Fabrication of PVA/PAM/BNNS hydrogel

First, adding PVA powder (1.5 g) in water to get a

5 wt% PVA solution and then refluxed at * 95 �C
for 3 h. Then, different quantities of OH-BNNS

aqueous solution (* 0.6 mg/mL) (see Table S1 for

more details) were introduced into the as-prepared

PVA solution, and ultrasonic treatment at 60 �C for

1 h. Then, SDBS and SMA were added into the PVA/

OH-BNNS solution with ultrasonic bathed at 50 �C
for 0.5 h to get rid of air bubbles and dissolve SMA.

The mixture was stirred for 2 h to fully dissolve the

solid reagents and form hydrophobic association

micelles. Next, we put AM and KPS into the mixture

under 0.5-h stirring to get homogeneous solution.

Finally, the solution was quickly transferred to the

glass molds and put them into oven at 60 �C for 6 h

to complete polymerization. There are two kinds of

glass molds: (1) consisting of two rectangular glass

panes separated by a 3-mm silicone rubber as a

spacer. The hydrogel of this mold was sheet-like and

then was cut into dumbbell-shaped using knife for

tensile test. (2) a cylindrical bottle with a diameter of

20 mm. These resultant hydrogels were frozen to

- 15 �C for 10 h and then thawed at room tempera-

ture for at least 12 h. After three freezing/thawing

cycles, the crystalline physically PVA/PAM/BNNS

hydrogel was obtained. These hydrogels with dif-

ferent shapes were prepared for subsequent charac-

terization and tests. In this paper, composite

hydrogels are designated as PVAx/PAM/BNNSy,

where x stands for the relative mass fraction of PVA

to the total weight and y stands for the different

volume of OH-BNNS aqueous solution. PVA/PAM/

BNNSy stands for the sample that the relative mass

fraction of PVA to the total weight is 5%. The specific

formula is shown in Table S1.

Characterization

Fourier transform infrared spectroscopy (FT-IR)

spectra of h-BN, OH-BNNS, the PVA/PAM gel and

OH-BNNS/PVA/PAM gels were recorded on a

Nicolet6700 (Thermal Scientific, USA) spectrometer.

The X-ray diffraction (XRD) measurements were

performed at room temperature with a D/MAX 2400

X-ray diffractometer. The morphologies of h-BN, OH-

BNNS, the PVA/PAM gel and PVA/PAM/BNNS

gels were examined by a Quanta 250 scanning elec-

tron microscope (SEM) (FEI, USA) at 20 kV
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acceleration voltage. The morphologies of OH-

BNNSs were examined by a transmission electron

microscopy (TEM) (Tecnai G2 F20, USA) at 200 kV.

Mechanical testing

Rheology measurements of the hydrogels were con-

ducted with a TA AR2000ex rheometer using a par-

allel plate of diameter 20 mm. The hydrogels were

cut into about 5-mm-thick wafers, and the frequency

sweep was performed from 0.1 to 100 rad s-1 at a

fixed strain of 1% at 25 �C.
Uniaxial tensile measurements of the hydrogels

were performed using an Instron 5965 universal

testing system with a 1 kN load cell at a crosshead

speed of 100 mm min-1, and the initial gauge length

was 20 mm. Loading–unloading tensile measure-

ments were stretched to a maximum strain of 800%

and then unloaded. Energy dissipation capacity was

estimated by the area of hysteresis loop. The com-

pressive tests of the hydrogels were carried out by

using the same testing system at a speed of

5 mm min-1, and the gels were compressed to a

maximum strain of 90%.

Thermal diffusivity/conductivity
measurement

Thermal conductivity and diffusivity of the compos-

ite hydrogel samples with different OH-BNNS con-

tents were measured using the transient plane source

method (TPS 2500 S, Hot Disk, Gothenburg, Sweden)

in accordance with the ISO 22007-2.2. During the

measurement, a 2.001-mm-diameter C7577 TPS sen-

sor was placed between the flat surfaces of two

identical hydrogel samples (20 mm in diameter,

2.5 mm in thickness) at room temperature. The

power output from the sensor heated up the samples,

after which the electrical resistance of the sensor was

monitored to determine the transient temperature.

The sensor was assumed to be in an infinite sample

medium for the subsequent analysis as the experi-

mental measurement time is shorter as compared to

the characteristic thermal diffusion time. Finally, the

thermal conductivity and diffusivity parameters of

the samples were calculated by successively iterating

the detected transient temperatures. Multiple (at least

5) measurements were done for each sample to con-

firm the reproducibility.

As a supplement, we also measured the thermal

conductivity of the hydrogel under wet conditions.

The sheet-like hydrogels were spread on a hot plate

at 50 �C, and the infrared imager was used to mea-

sure the temperature on the other side of the hydro-

gel, which can be used to evaluate the thermal

conductivity of the hydrogels.

Result and discussion

Preparation and characterization of OH-
BNNS

Commercial h-BN is generally not used for the

preparation of hydrogels due to its poor water solu-

bility. In this paper, h-BN was functionalized by a

two-step oxidation process that was preoxidized

using K2S2O8 and P2O5 as oxidant, then KMnO4 as

oxidant for further oxidation to produce hydrogen

bonds between hydroxyl groups at the edges and

water to promote dissolution in water (Fig. 1a [38]).

After oxidation, the OH-BNNS was divided into

single- or few-layered nanosheets via liquid-phase

sonication treatment. SEM and TEM were used to

observe the morphology of h-BN and OH-BNNS

(Fig. 1b–d). As we can see, the h-BN became more

transparent under SEM after oxidation and exfolia-

tion because the sheets of BN were thinner. An

individual OH-BNNS layer had a lateral size of

* 2–4 lm which was consistent with TEM results. It

is noted that the larger lateral size of the as-prepared

OH-BNNS is beneficial for effective thermal and

mechanical reinforcements. Besides, the TEM result

showed that the edge of the obtained OH-BNNS was

curled due to the thin layer which further demon-

strated the successful exfoliation of OH-BNNS from

bulk h-BN. In contrast to bulk h-BN, the OH-BNNS

showed better hydrophilicity. The extremely poor

solubility of the bulk h-BN in aqueous media is

shown in Figure S1a. The bulk h-BN was deposited

on the bottom of the bottle. However, the OH-BNNS

could be uniformly dispersed in water and no

aggregation occurred within 30 days. This can be

explained by the fact that the introduction of –OH at

the edge of OH-BNNS promoted interaction between

OH-BNNS and water via hydrogen bonds. In addi-

tion, the OH-BNNS aqueous solution displayed an

obvious Tyndall effect (Figure S1b) suggesting the

successful exfoliation of the OH-BNNS. The FT-IR
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spectra of bulk h-BN and OH-BNNS also proved the

effective functionalization after oxidation. Compared

to the bulk h-BN, –OH stretching at 3404 cm-1 and

B-O at 1012 cm-1 can be clearly seen in FT-IR spectra

curve of the OH-BNNS, confirming the –OH func-

tionalization of the BNNS. In order to characterize the

stability of the nanosheets within the hydrogels, we

observed the OH-BNNS dispersion after soaking in

hot water at 60 �C for 6 h. As shown in Figure S2, we

found that the nanosheets retained its hydrophilic

and didn’t precipitate at the bottom of the bottle. The

temperature of OH-BNNS dispersion was 47 �C

(below 60 �C) because of the cold environment. These

results testified that the nanosheets had good stability

after polymerization of AM at 60 �C. In other words,

the nanosheets behave good stability within the

hydrogels.

Preparation and characterization
of hydrogels

The hydrogels with different contents of OH-BNNS

were prepared by in situ polymerization (see ‘‘Ex-

perimental methods section’’ for more details). The

Figure 1 a Schematic illustration of synthesis route of the OH-BNNS; b SEM images of h-BN and c OH-BNNS; d TEM images of OH-

BNNS; e FT-IR spectra of BN and OH-BNNS powders.
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obtained hydrogels lost transparency due to the

presence of boron nitride and partial crystallization

of PVA after three freezing/thawing cycles (Fig. 2a).

Various shapes hydrogels can be prepared by pour-

ing the precursor solution into different molds. In this

work, the chosen hydrophobic association network

was the HAPAM gel and its ‘‘precursor’’ was dis-

solved PVA/OH-BNNS mixed aqueous solution.

Then the PVA/PAM/BNNS hydrogels were pre-

pared by in situ polymerization of AM in the PVA/

OH-BNNS mixed aqueous solution. In addition to

cross-linking of HAPAM gel themselves, cross-link-

ing between PVA and PAM occurs through hydrogen

bonds between OH-BNNS and PVA or PAM. In this

way, the obtained DN composite hydrogel dissipates

more energy to prevent their destruction under

external forces.

FT-IR confirms existence of OH-BNNS in the PVA/

PAM/BNNS hydrogels (Fig. 2b). In FT-IR spectra of

PVA/PAM/BNNS4 hydrogels, the characteristic

peak of –OH shifted from 3431 to 3425 cm-1, indi-

cating that hydrogen bonds were formed between

OH-BNNS and PVA or PAM. The peaks at 3200 cm-1

and 1651 cm-1 were assigned to the stretching

vibration of N–H, C=O stretching in PAM. A peak at

2923 cm-1 was assigned to the –CH2 groups, which

were extensive in the polymer backbone. In addition,

a weaker peak at 1016 cm-1 was the deformation

vibration of B-O, which was consistent with the

appearance of the OH-BNNS (Fig. 1e). These results

Figure 2 a Digital photograph of as-prepared sheet-like and

cylindrical hydrogels and schematic illustration of hydrogel

network structure. b FT-IR spectra of PVA/PAM and PVA/PAM/

BNNS4 hydrogels. c XRD patterns of hydrogels after three cycles

of freezing/thawing treatment.
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certified that PVA/PAM/BNNS hydrogels were

prepared successfully.

It is known that for pure PVA several cycles of

freezing/thawing treatment result in stable crys-

talline microdomains and higher crystallinity. This

has been confirmed to be the case for the PVA/PAM/

BNNS hydrogels as well. The X-ray diffraction mea-

surement results of the PVA/PAM/BNNS hydrogels

are shown in Fig. 2c. A sharp diffraction peak at

2h = 19.2� proved that the partially crystalline areas

of PVA were formed after cycles of freezing/thaw-

ing. After adding different contents of OH-BNNS, the

diffraction peak of the samples hardly changed. It

shows that the relatively low amount addition of OH-

BNNS will not affect the crystallization behavior of

PVA.

The structural morphology of the PVA/PAM/

BNNS hydrogels was directly acquired by SEM

observations (Fig. 3). In order to facilitate the obser-

vation of the pore structure inside the gels, we first

immersed the hydrogels in water for 30 min to swell

and then freeze-dried for observation. Within the

sample without OH-BNNS, the wall of the pore was

shrunk to a certain degree due to poor stability.

While PVA/PAM/BNNS hydrogels showed a much

denser homogeneous structure with well-defined

pores, the smooth pore wall adsorbed white OH-

BNNSs particles and fibrous filaments at the cross

section. Observably, the introduction of OH-BNNS

showed a dramatic influence on the diameter of the

pores in the hydrogels. The existence of OH-BNNS

resulted in a significant decrease in diameter, which

indicated that a more compact network structure was

generated in PVA/PAM/BNNS gel by hydrogen

bonds between OH-BNNS and PVA or PAM. Fur-

thermore, the SEM–EDS images of PVA/PAM/

BNNS2 (Fig. S3) showed that the B and N elements

were evenly distributed inside the gel, suggesting

that OH-BNNS was uniformly dispersed in the

hydrogel instead of agglomeration during the in situ

polymerization of AM. This has a crucial role in

improving the mechanical strength and thermal

conductivity of hydrogels. Therefore, when loaded,

more effective energy dissipation could be achieved

by DN network and hydrogen bonds in the PVA/

PAM/BNNS gel, resulting in an improvement in

mechanical properties, which is consistent with

Fig. 4. As a hydrogel, we have also tested the water

content. The results are shown in Figure S4.

Figure 3 SEM images of

PVA/PAM (a), PVA/PAM/

BNNS1 (b), PVA/PAM/

BNNS3 (c) and PVA/PAM/

BNNS4 (d).
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Mechanical properties of hydrogels

Firstly, the mechanical behavior of the composite

hydrogel has been investigated by dynamic rheo-

logical shear testing. It can be seen from Fig. S5 that

the energy storage modulus (G’) of hydrogels was

higher than the energy consumption modulus (‘‘G’’)

and appeared as almost a plateau over the experi-

mental frequency range, which was evidence of the

formation of cross-linked networks in these

hydrogels.

Then the mechanical performance of hydrogels

was tested via compressive and tensile tests. As

shown in Fig. 4a, hydrogels can be stretched several

times than their original length without breaking.

Obviously, the tensile strength of the PVA/PAM/

BNNS hydrogel first increased and then decreased

with the increase in OH-BNNS content. When the

content of OH-BNNS was 0.02 wt% (relative to

hydrogels), the breaking strength of the hydrogel

reached the highest value (* 0.30 MPa). This is due

to the fact that the addition of OH-BNNS makes the

formation of hydrogen bonds between hydroxyl

groups on OH-BNNS and –OH in PVA or –NH2 in

PAM. This stronger interaction makes the 3D net-

work inside the hydrogel more closely entangled,

while the pore size inside the gel is smaller (consis-

tent with the SEM results). However, the fracture

strength of gels began to decrease with the OH-BNNS

content further increasing, which can be explained by

the aggregation of excessive OH-BNNS in the

hydrogel causing stress concentration. By integrating

the stress–strain curves in Fig. 4d, the fracture

strength and fracture energy of different samples are

summarized in Fig. 4e. It was found that the fracture

energy and strength had the same trend of change.

And the highest fracture energy reached 1.1615 MJ/

m3 at 0.02 wt% OH-BNNS content. However, the

Figure 4 Digital photograph of hydrogel stretching process (a–c). Stress–strain curves (d) and stress and fracture energy (e) for PVA/

PAM and PVA/PAM/BNNS hydrogels with different OH-BNNS contents.
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elongation at break of the gels was consistently

increasing with the OH-BNNS content increase.

There are obvious hysteresis loops after loading–un-

loading tensile measurements (Fig. 5), which

demonstrate that the hydrogel dissipates energy

during stretching. In addition, the effect of PVA

concentration on the mechanical strength of the

hydrogel was also studied. It can be seen from Fig. S6

that as the content of PVA increases, both the tensile

strength and the elongation of the hydrogel increased

significantly.

Finally, compression tests further demonstrated

the strong mechanical strength of PVA/PAM/BNNS

hydrogel. As shown in Fig. 6b, the hydrogel can be

compressed to 90% deformation without damage.

When the external force is removed, the hydrogel can

quickly (within 10 s) return to more than 80% of its

original height (Fig. 6c). This fact shows that the gel

has good rebound ability because of robust physical

cross-linking in 3D networks. The high resilience

demonstrates the reusability of the hydrogel. The

compressive stress (Fig. 6d, e) of composite hydro-

gels was significantly enhanced and increased with

the increase in OH-BNNS content. Compression

stress of PVA/PAM/BNNS2 reached * 2.77 MPa (at

the strain of 90%), which was higher than PVA/PAM

hydrogel (* 2.06 MPa at the strain of 90%). Figure 6e

is a partial view of compression stress–strain curves

at the strain of 80–90%. Consistent with tensile

strength results, the compressive strength of the

hydrogel was reduced with the further addition of

OH-BNNS.

Thermal diffusivity/conductivity
of hydrogels

Continuous load-bearing and friction will cause heat

accumulation in the cartilage tissue, so OH-BNNSs

have been introduced to improve the thermal con-

ductivity and diffusivity of the hydrogel. Hence, the

PVA/PAM/BNNS hydrogel may have a great

potential as a competitive candidate for articular

cartilage. It is well known that uniformly dispersion

of OH-BNNS is beneficial to thermal conductivity

and diffusion. In this paper, the thermal conductivity

of the gel under both dry and wet conditions was

studied. Thermal conductivity and diffusivity of the

composite gel were measured using the transient

plane source method (see in Fig. 7) under dry con-

dition. As the content of OH-BNNS increases, both

the thermal conductivity and the heat-dissipating

ability of the hydrogel increase. When the content of

OH-BNNS was 0.04 wt% (relative to hydrogels), the

thermal conductivity was 0.47 W/(mK), with an

increase of 43.3% compared to the sample without

OH-BNNS [0.33 W/(mK)]. At the same time, the

thermal diffusivity of gels increased from 0.14 to

0.24 mm2/s (increased about 71.4%) with the increase

in the OH-BNNS content. In addition to the inher-

ently high thermal conductivity of OH-BNNS, the

polymer chains (PVA and PAM) and OH-BNNS in

Figure 5 Loading–unloading stress–strain curves (a) and dissipated energy (b) for PVA/PAM and PVA/PAM/BNNS hydrogels with

different OH-BNNS contents.
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the hydrogel form a brick–mud structure that pro-

vides an effective channel for heat conduction. The

homogeneously dispersed OH-BNNS acts as a brick

portion, while the flexible polymer chains act as a

mud portion, which is firmly bonded together by

hydrogen bonds, thus minimizing heat conduction

resistance. Furthermore, the thermal conductivity of

hydrogels under water-containing conditions was

also studied using an infrared imager. As shown in

Fig. 8a, the hydrogels were placed on a glass plate on

Figure 6 Digital photograph of hydrogel compression process (a–c). Compression stress–strain curves (d) for PVA/PAM and PVA/PAM/

BNNS hydrogels with different OH-BNNS contents. Partial view (at the strain of 80–90%) (e) of compression stress–strain curves.

Figure 7 Thermal

diffusivity/conductivity of

PVA/PAM and PVA/PAM/

BNNS hydrogels with

different OH-BNNS contents.
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a hot stage (50 �C) and after 30 s the temperature of

the upper surface increased with increasing OH-

BNNS content. The sample centered on the stage was

the sample without OH-BNNS added. The content of

OH-BNNS increased sequentially from the upper

right corner to lower right corner along a counter-

clockwise direction. In the same period of time, the

higher the OH-BNNS content was, the higher the

temperature reached, and the highest temperature

reached 44.1 �C (Fig. 8b). While the area of the region

where the hydrogel temperature rose enlarged with

the increase in OH-BNNS content, indicating that the

more OH-BNNS content the better heat dissipation

capability was.

In addition, the effect of PVA content on the ther-

mal conductivity of hydrogels was also studied

(Fig. S7). When the PVA content was 5%, the hot spot

temperature was 43.7 �C, which was higher than the

sample without PVA. After the amount of PVA had

been further increased, the temperature of the sample

surface began to decrease. One reason is that the

excessive PVA causes the expansion of volume

between OH-BNNSs. Another reason is that the more

PVA crystal microdomain resulted in more diffusion

energy. In conclusion, the PVA/PAM/BNNS

hydrogels had good thermal conductivity and diffu-

sivity, so we expect that the hydrogel may be capable

to be used as antipyretic pastes and artificial

cartilage.

Cohesiveness and self-healing of hydrogels

Hydrogels with high heat-conducting and heat-dis-

sipating capabilities can be used as antipyretic pastes

to reduce the temperature. However, the hydrogels

should also have a suitable adhesion to the skin

[39, 40]. When the adhesive force is too large, the

human body feels pain when peeled from the skin,

and there may be some residue on the skin after

peeling. If the adhesive strength is too small, it is not

enough to fix the adhesion of the hydrogel itself to

the skin, which may cause inconvenience in use.

Amazingly, the PVA/PAM/BNNS hydrogel is able

to adhere to human skin with no irritation and could

be removed easily without causing any damage or

pain. As shown in Fig. 9, the hydrogel can stick to the

skin without falling down, although the side of the

hydrogel downwards. And no matter how we shake

our wrists, there’s no separation between the hydro-

gel and the skin. The mechanism of the tissue adhe-

siveness of the hydrogel may rely on the physical

interaction, such as hydrogen bond, Van der Waals

forces, p-p stacking interaction or several synergetic

interactions which simultaneously exist between

hydrogel and skin [30]. There was no residue after

peeling from the skin. More importantly, the PVA,

BNNS and main material of hydrogel showed bio-

compatibility and low toxicity [38, 39]. We believe

that the hydrogel may be potential material as anti-

pyretic pastes for children or adults. Meanwhile, the

as-prepared hydrogels possess the ability to self-heal

due to fully physical cross-linking such as hydrogen

Figure 8 a Thermal-infrared images (the content of OH-BNNS increases along the arrow) and b hot spots of PVA/PAM and PVA/PAM/

BNNS hydrogels with different OH-BNNS contents.
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bonds, hydrophobic association and molecular chain

entanglement. As we can see in Fig. 10, the hydrogel

was cut into two parts, then the two sections were

placed together and self-healed in a sealed Petri dish

at room temperature without any stimulation. After

15 h, it can be seen that the cracks in the middle of the

hydrogel have completely disappeared, and the two

parts didn’t separate after pulling the self-healing

hydrogel in the lateral direction. And the self-healing

time was shortened after the temperature rises. In

addition, we have charactered the self-healing effi-

ciency of the hydrogel by uniaxial tensile measure-

ments. As shown in Fig. 11, the fracture strength of

the hydrogel after self-healing reached 0.22 MPa, and

the strain was 710%. The self-healing efficiencies of

strength and strain were 73.3% and 78.9%,

Figure 9 Tissue cohesiveness of PVA/PAM/BNNS2 hydrogel. Hydrogel on the surface of the first author’s wrist (a), bending wrists up

(b) and down (c), overturn wrist (d) without falling down. (e) No residue after peeling from skin.

Figure 10 Self-healing of PVA/PAM/BNNS2 hydrogel. a Hydrogel was cut into two parts, b self-healed at room temperature, c pulling

the hydrogel after self-healing.

Figure 11 Stress–strain curves for PVA/PAM/BNNS2 hydrogel

and the hydrogel after self-healing.
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respectively. These results demonstrate that the

hydrogels possess good self-healing ability. The

cracks in the middle of hydrogel have completely

disappeared after self-healing 5 h at 60 �C. This is

due to the more flexible mobility of polymer molec-

ular chains under higher temperature conditions.

These results demonstrate again that the high ther-

mal conductivity and mechanical strength hydrogels

are suitable substitute materials for antipyretic pastes

or cartilage tissue.

Conclusion

In summary, we have successfully functionalized

boron nitride into OH-BNNS, then introduced OH-

BNNS into PVA and PAM double-network hydrogels

via in situ polymerization. The characterization data

indicated that OH-BNNS was uniformly dispersed in

the hydrogel, and formed a unique network structure

with polymer chains. So, the as-prepared hydrogel

has higher thermal conductivity and mechanical

strength. The highest tensile strength and fracture

energy of the PVA/PAM/BNNS2 (adding 0.02 wt%

OH-BNNS) hydrogel reached * 0.30 MPa and

1.1615 MJ/m3. The compression stress of PVA/

PAM/BNNS2 hydrogel reached * 2.77 MPa (at the

strain of 90%). What’s more, the mechanical strength

can also be adjusted by changing the content of PVA.

Importantly, the results tested by transient plane

source method and the thermal-infrared images

under dry and wet condition, respectively, demon-

strated that the hydrogels had better thermal con-

ductivity and diffusivity as the content of OH-BNNS

increased. Compared to the sample without OH-

BNNS (0.33 W/mK), the thermal conductivity of

PVA/PAM/BNNS4 (adding 0.04 wt% OH-BNNS)

composite hydrogel was 0.47 W/mK (an increase of

43.3%), and thermal diffusivity of gels varied from

0.14 to 0.24 mm2/s (an increase of 71.4%). In addi-

tion, the hydrogel showed moderate adhesive force

to skin, which is important for the use of antipyretic

pastes. Moreover, the PVA/PAM/BNNS composite

hydrogels possess the ability to self-heal due to fully

physical cross-linking. The hydrogels with high

mechanical properties and thermal conductivity are

promising potential in the mechanical failure and

locally overheating issues as cartilage substitutes and

may also have broad utility for biomedical

applications, such as antipyretic pastes, tissue engi-

neering, biosensors and actuators.
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