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1. Supplementary Experimental Section

Materials: Functionalize boron nitride nanosheets (f-BNNSs) was prepared and characterized
according to our previous reports.? Acrylamide (AM, 99%), maleic anhydride (MAH, 99%),
tetramethyl ethylenediamine (TEMED, 99%) were purchased from Sigma-Aldrich. Potassium
persulfate (KPS; 99.0%), glycerol (99.0%) were purchased from Aladdin Industrial Corporation.
All these chemicals were analytical grade used as received without further purification.
Preparation of P(AM-co-MAH)/f-BNNS Glycerol-Hydrogels: The f-BNNSs were first dispersed
in deionized water and sonicated for 30 min to fabricate the homogeneously and steadily
distributed f-BNNS dispersions. Subsequently, AM and MAH were dispersed in the suspension
by vigorous stirring in an ice-water bath for 30 min. After that, KPS and TEMED were added
under stirring and N, was bubbled into the solution for 10 min to remove oxygen. The solution
was held at 40 °C in a water bath for 8 h to fabricate the P(AM-co-MAH)/f-BNNS hydrogel. The
specific quantity of each component is listed in Table S1 and Table S2. Finally, the P(AM-co-
MAH)/f-BNNS hydrogel was cut into strips of 3 mm wide, 2 mm thick and 30 mm length, and
then immersed in 66.7 wt.% glycerol-water solution to fabricate the P(AM-co-MAH)/f-BNNS
glycerol-hydrogel.

Preparation of Hydrogel and Glycerol-Hydrogel Hybrids: The f-BNNS monomer solution was
prepared with the above method. And the as-prepared solution is transferred to the
corresponding mold, including a homemade mold consisting of two glass plates (2 mm) and
one silica plate (1 mm), syringes with diameter of 1 cm. Then, the mold was left at 40 °C for 8
h to fabricate the P(AM-co-MAH)/f-BNNS hydrogel layer. Similarly, the P(AM-co-MAH)/f-BNNS
glycerol-hydrogel layer was obtained by soaking the P(AM-co-MAH)/f-BNNS hydrogel in 66.7
wt.% glycerol-water solution for 20 min and then the glycerol-hydrogel was placed in a 60

°C/40% relative humidity environment for 24 h. After that, the hydrogel layer and glycerol-



hydrogel layer were bonded together through hydrogen bonding. For ease of distinguishing
the hydrogel layer, the layer was dyed with Rhodamine B (red). In addition, flower and cross-
type silica plates were used to prepare flower structure hybrids and grippers.
Characterizations: Transmission electron microscopy (TEM) data were collected with a Hitachi
H-600 operated at 200 kV. Fourier transform infrared (FTIR) spectroscopy of the samples were
recorded using Thermo Scientific Nicolet 6700 spectrometer in attenuated total reflection
(ATR) mode with a resolution of 4 cm~! within the range 400-4000 cm™. The P(AM-co-MAH)/f-
BNNS hydrogel and P(AM-co-MAH)/f-BNNS glycerol-hydrogel were investigated for their
freezing temperature using a differential scanning calorimeter (DSC, TA Instruments Q20). The
cooling cycle was performed from 10 °C to -80 °C at a rate of 5 °C/min. The rheological
measurements of the hydrogels were performed on a HAAKE rheometer (MARS IIl). The
storage modulus (G’) and loss modulus (G”) of the hydrogels were determined under
oscillation frequency mode. The shear rate was set from 0.1 to 100 rad/s, with a constant
strain of 1%.

Dehydration Resistant: To demonstrate the long-term stability and anti-dehydration, the
samples (P(AM-co-MAH)/f-BNNS hydrogels and P(AM-co-MAH)/f-BNNS glycerol-hydrogels
were placed at different temperature (-45 °C, 25 °C and 60 °C and) for 3 days. The ambient
humidity is 90% at -45°C, 50% at 25°C and 40% at 60°C and the weight change of the samples
during dehydration tests was recorded at pre-determined intervals. The anti-dehydration was
characterized by the ratio of the initial weight of the hydrogels (W) to the weight of hydrogel
at different time (W,).

Liquid content: The liquid content before 3-day exposure (W, was obtained through the
equation:

W, = (m¢- mo+ mgx Wo)/m;x 100% (1)



where m;, mg, and Wywere weight of hydrogels after soaking in glycerol-water solution, initial
weight of hydrogels and initial water content of hydrogels, respectively. Wy is the ratio of the
water content to the total weight of the hydrogels and is a fixed value of 76%.
The equilibrium mass percentage (W) was calculated by the formula:
Wy= Mg/m¢ x 100% (2)
M, was the weight of hydrogel at equilibrium exposure time. The residual liquid content after
3-day exposure (W,) was obtained through the equation:
W, = [Mg-mo(1-Wo)]/Mq = [1-(1-W;)/W,]x 100%  (3)
Volume variation: The volume variation after 24h exposure (Vs) under different temperatures
was obtained through the equation:
V= (V1-Vo)/Vo x 100%=(d1%h;- do?ho)/do?hg x 100%  (4)
where V, and V; were the volume of the hydrogels before and after 24h exposure under
different temperatures, where d; and h; were the diameter and thickness of the hydrogels
after 24h exposure under different temperatures, where do and hy were the diameter and
thickness of the hydrogels before 24h exposure under different temperatures, dg and hy were
fixed value of 13mm and 2mm.
Mechanical testing: Prior to the mechanical testing, three samples were stored at a humidity
of 90% at -45°C, 50% at 25°C and 40% at 60°C, for one day. Then, the sample was transferred
to the sealed bag immediately. And after about 5 minutes, the sample was restored to 25°C
and the test was started. The tensile test was carried out using electrical universal material
testing machine (Instron 2360) with a 200 N load cell under a loading rate of 50 mm/min at
25°C and humidity of approximately 50%. As-prepared hydrogel samples with the thickness of
2 mm were cut into stripes (30 mm in length, 3 mm in width). The gauge length between the

clamps was 10 mm. The tensile stress (o) representing strength was obtained through the



equation:
o=F/(axb) (5)
where F, a, and b were force of loading and width and thickness of hydrogels, respectively.
The tensile strain (€) representing stretchability was calculated by the formula:
€ =(I-1p)/lp x 100% (6)
where | and |y the were break length and the original length, respectively. The young modulus
was calculated from the slope over 0—-10% strain of the stress—strain curve. The fracture
toughness (U) of the samples was calculated by integrating the area under the stress-strain
curve:
U=Jode. (7)
Self-Healing: The rod-shaped samples (30 mm length and 5 mm diameter) were cut into
halves, incisions were highlighted by the stain of rhodamine B and the two separate halves
were brought into contact immediately without applied stress in air. Then the samples were
healed at -45 °C with 90% humidity, 25 °C with 50% humidity and 60 °C with 40%, respectively.
After self-healing in different environments, the samples were stretched to evaluated self-
healing properties. The glycerol-hydrogel was stored for three months in an environment with
varying temperatures and humidities, then the self-healing capability of the sample was
tested. The samples with a thickness of 2 mm were cut into stripes (30 mm in length, 3 mm in

width) for tensile test.



2. Supplementary Tables S1-S5

Table S1. Composition of the glycerol-hydrogels without f-BNNSs.

glycerol-water

MAH/AM weight MAH AM H,0 f-BNNS/ KPS TMEDA t-treatment
ratio (8 (8) (ml) (MAH+AM) (wt.%) (mg) (W) potsime (min)
1:1 0.3 0.3 4 0 6 4 40
1:2 0.2 0.4 4 0 6 4 40
1:3 0.15 0.45 4 0 6 4 40
1:5 0.1 0.5 4 0 6 4 40

Table S2. Glycerol-hydrogels were prepared under varied f-BNNS contents.

glycerol-water

MAH/AM weight MAH AM H,0 f-BNNS/ KPS TMEDA ttreat t
ratio () ) (ml) (MAH+AM) (wt.%) (mg) (uL) ”°;m;e(;’i‘;‘)9"
15 0.1 05 4 0 6 4 40
1:5 0.1 0.5 4 0.1 6 4 40
1:5 0.1 0.5 4 0.2 6 4 40
15 0.1 05 4 0.3 6 4 40

Table S3. Glycerol-hydrogels were prepared under varied glycerol-water post-treatment time.

glycerol-water

MAH/AM weight MAH AM H,0 f-BNNS/ KPS TMEDA post-treatment
H 0,
ratio (g) (8) (ml) (MAH+AM) (wt.%) (mg) (kL) time (min)

1:5 0.1 0.5 4 0.2 6 4 0

1:5 0.1 0.5 4 0.2 6 4 20
1:5 0.1 0.5 4 0.2 6 4 40
1:5 0.1 0.5 4 0.2 6 4 60
1:5 0.1 0.5 4 0.2 6 4 120
1:5 0.1 0.5 4 0.2 6 4 180




Table S4. Liquid content of the glycerol-hydrogels before and after 3 days of exposure to
different environments .

glycerol-water -45°C 25°C 60°C

post-treatment W/ wt %

time (min) W,/ wt % W,/ wt % W,/ wt % W,/ wt % W,/ wt % W,/ wt %

0 76.0 100 76.0 27.7 134 24.0 0

20 68.7 100 68.7 67.6 53.7 56.6 45.4
40 69.1 100 69.1 73.1 57.7 60.4 48.8
60 70.4 100 70.4 84.2 64.8 65.9 55.1
120 71.1 100 71.1 85.1 66.0 68.0 57.5
180 72.3 100 72.3 85.6 67.6 69.1 59.9

W,: the liquid content before 3-day exposure; W,: the equilibrium mass percentage; W,: the
residual liquid content after 3-day exposure.

Table S5. The volume variation of hydrogels after 24h of exposure to different environments.

the temperatures the P(AM-co-MAH)/f-BNNS hydrogel the P(AM-co-MAH)/f-BNNS glycerol-hydrogels
of environments dy/ mm hy/ mm Vs/% d/ mm hy/ mm Vs/ %
-45 13 2.0 0 13 2.0 0
25 8 1.7 -67.8 12 1.9 -19.1
60 7 1.5 -78.3 11 19 -31.9

d;: the diameter of the hydrogels after 24h exposure; h; the thickness of the hydrogels after
24h exposure; Vs: The volume variation after 24h of exposure.



3. Supplementary Figures S1-S12
(a) (b)

Fig. S1 TEM image of BNNSs (a), TEM image of f-BNNSs (b).

Supplementary explanation: Typical TEM images before and after poly (2-acrylamido-2-
methyl-propanesulfonate) (PAMPS) grafting have been provided in Fig S2. Before grafting,
BNNSs have flat surface and the lateral dimensions of BNNSs are 200 nanometers. After

grafting, dark clouds, namely, PAMPS brushes can be clearly detected.!
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Fig. S2 Phase diagram of glycerol-water mixed solution.
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Fig. S3 Photos on water retention of different glycerol-water solutions keep at 60 °C for 24h
(a); The anti-freezing performance of the glycerol-water solutions keep at -45 °C for 24h (b).
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Fig. S4 Effect of mass ratio of MAH:AM (a), f-BNNS content (b) and glycerol-water post-
treatment time (c) on the tensile strength of P(AM-co-MAH)/f-BNNS glycerol-hydrogels.
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Fig. S5 Rheology profiles of P(AM-co-MAH)/f-BNNS hydrogel and P(AM-co-MAH)/f-BNNS
glycerol-hydrogel.
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Fig. S6 FTIR spectra of BNNSs, f-BNNSs, and the glycerol-hydrogels.



Supplementary explanation: The spectrum of BNNS displays the characteristic peaks at 1373
and 809 cm™, corresponding to B-N in plane stretching and B-N-B out of plane vibrations,
respectively.® The presence of PAMPS brushes on the surface of BNNS are confirmed by the
characteristic peaks at 1645, 1113, and 1042 cm™%, which correspond to -CONH- group,
asymmetric and symmetric stretching vibration absorption band of sulfonic acid group,
respectively.! The absorptions of P(AM-co-MAH) glycerol-hydrogel at 3585, 1699, 1488, and
882 cm™ are attributed to -OH, -CONH,, COO and C-O-C of glycerol and P(AM-co-MAH) chains,
respectively.* Furthermore, the P(AM-co-MAH)/f-BNNS glycerol-hydrogel also displays the
characteristic peaks of -OH, -CONH,, COO and B-N at 3585, 1699, 1488, and 1373 cm,
respectively.>® However, the peaks of -CONH- and the asymmetric and symmetric stretching
vibration absorption band of -SO; groups are shifted to 1628, 1127 , and 1058 cm,
respectively, which indicates a strong interaction between f-BNNSs, glycerol, and P(AM-co-

MAH) chains in hydrogel.’
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Fig. S7 DSC thermograms of the P(AM-co-MAH)/f-BNNS hydrogel and glycerol-hydrogels.
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Fig. S8 Effect of immersion time on the weight change of the glycerol-hydrogels at different
temperature.
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Fig. S9 Stress-strain curves (a), and Young’s modulus (b) of the P(AM-co-MAH)/f-BNNS
hydrogel and the P(AM-co-MAH)/f-BNNS glycerol-hydrogel before treatment.

1.24

glycerol-hydrogel after three months of storage

healed glycerol-hydrogel after three months of storage

Stress(MPa)

X A ——
0 500 1000 1500 2000
Strain(%)
Fig. S10 Stress-strain curves of P(AM-co-MAH)/f-BNNS glycerol-hydrogel and the healed
glycerol-hydrogel after three months of storage.
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Fig. S11 Self-healing performance of the P(AM-co-MAH)/f-BNNS glycerol-hydrogel at -45°C
(a) and 60 °C (b).
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Fig. S12 Stress-strain curves of the P(AM-co-MAH)/f-BNNS glycerol-hydrogel healed at
different temperature.

4. Supplementary Videos S1-S3

Video S1. Shape change of flower-shaped actuator under a 80 °C/30% RH environment. The

movie is played at 3 X normal speed.

Video S2. Shape change of four-armed gripper under a 80 °C/30% RH environment. The movie

is played at 8 X normal speed.

Video S3. Shape change of actuator under a 30 °C/30% RH environment. The movie is played

at 4 X normal speed.
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