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ABSTRACT: We report a series of sponge-like hydrogels prepared by polymerizing an aqueous solution of methacrylic acid
(MAAc) in the presence of N,N,N′,N′-tetramethylethylenediamine (TMEDA), which results in hydrogen bond complexation,
microphase separation, and formation of a unique colloidal network. The microstructure of the gels is determined by the coupling of
microphase separation and gelation, which are influenced by the feeding concentrations of MAAc and TMEDA. Colloidal gels are
only obtained at a relatively low concentration of MAAc in the presence of a certain amount of TMEDA. The structural evolution
during the polymerization and the formation mechanism for the colloidal network are revealed by a combination of dynamic light
scattering measurements and optical microscopy. It reveals that hydrogen bond complexes are formed between poly(methacrylic
acid) (PMAAc) and TMEDA, leading to the formation of colloidal particles that assemble into clusters and then the interconnected
colloidal network. The physical hydrogels with a colloidal network are stable in water and possess high stretchability and good self-
recovery ability due to the robustness of colloidal particles joined by adhesive PMAAc chains. These sponge-like hydrogels are
applied to remove dye molecules for water purification and devised into a solar vapor generation device to produce clean water. The
strategy by harnessing reaction-induced phase separation should be applicable for other systems to engineering the microstructure
and properties of functional materials toward specific applications.

■ INTRODUCTION

Colloidal gels are one class of soft matters with unique
microstructures and functionalities, which usually consist of an
interconnected solid particle network and the filled liquid
solvent. The unique structural characteristic endows colloidal
gels with versatile applications in the food industry, tissue
engineering scaffolds, building materials, etc.1−7 Self-assembly
and phase separation are two essential strategies for the
development of colloidal aggregates, during which, locally,
dynamical arrest or jamming occurs by strong attractive or
repulsive interactions between polymer chains and/or particles
that can be regulated by variations of environmental
conditions.1−4,8−18 For example, in the manufacture of
acidified milk products (yogurt, cheese, etc.), the decrease in
pH disrupted the stabilized surface layer of κ-casein micelles,
resulting in collapse and aggregation of the particles and thus
gelation to form a colloidal network.2 Tanaka and co-workers
investigated this process in a steric- and charge-stabilized
colloidal suspension; the introduction of salt led to an

electrostatic screening of electrostatic repulsion between the
colloids that aggregated to form a colloidal network.9 However,
these colloidal networks have poor mechanical properties and
cannot maintain the structural morphology over a long period
of time due to the relatively weak interaction between colloidal
particles, which hinders the potential applications as soft
materials in biomedical and engineering fields.
In recent years, noncovalent interactions and their

associations between polymer chains are used for the
development of tough supramolecular hydrogels.19−24 Me-
chanically robust hydrogels with a colloidal network should be
produced by enhancing the connection and interaction
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between the colloidal particles.25−27 For instance, micron-sized
aggregates were obtained by Zhu et al. after mixing aqueous
solutions of oppositely charged polyelectrolytes.25 The
precipitates settled down and assembled into a robust bulk
hydrogel with a colloidal network by forming ionic bonds
between the polyion complex colloids. Besides the physical
gelation process, gel materials are usually prepared by chemical
reactions such as polymerization of precursor solutions.
Microporous hydrogels are synthesized by polymerization-
induced phase separation, while hydrogels with a colloidal
network are rarely developed.28,29 This is because the reaction
usually results in spinodal phase separation that produces
hydrogels with a bicontinuous structure.30,31 It remains a big
challenge to tailor the phase separation process so as to form
colloidal aggregates and then assemble into a colloidal network
during the polymerization of a homogeneous precursor
solution.32−36 However, various polymer aerogels with a
colloidal network structure have been developed by polymer-
ization-induced phase separation.35 The poor solubility of
reaction-produced polymers results in the formation of
compact colloidal particles in organic solvent that assemble
into a colloidal network during the following reaction process.
During the polymerization, phase separation and gelation
compete with each other, and the kinetic coupling determines
the final microstructures of the gel materials. It is challenging
yet highly desired to develop robust hydrogels with a colloidal
network structure by polymerization-induced phase separation.
Here, we report a series of poly(methacrylic acid) (PMAAc)

hydrogels with a unique colloidal network structure developed
by free-radical polymerization of methacrylic acid (MAAc) in
the presence of N,N,N′,N′-tetramethylethylenediamine
(TMEDA) that was usually used as the reaction accelerator.
The structural evolution and underlying formation mechanism
of colloidal hydrogels were revealed by a combination of
dynamic light scattering measurements and optical microscopy.
We found that hydrogen bond complexation between the
carboxylic acid of reaction-produced PMAAc and the amine
group of TMEDA at appropriate feeding concentrations led to
the formation of primary colloidal particles that assembled into
clusters and a colloidal network during the following
polymerization process. The microstructure of the gels
depended on the coupling of polymerization, hydrogen bond
complexation, microphase separation, and gelation. These
supramolecular hydrogels with a colloidal network exhibited
robust mechanical properties, especially good stretchability.
Such sponge-like gels were also applied for solar water
evaporation and pollution absorption to produce clean water.
We envision that this work can inspire the designing of other
functional gels with controllable microstructures and proper-
ties through polymerization-induced phase separation.

■ EXPERIMENTAL SECTION
Materials. Methacrylic acid (MAAc), potassium persulfate (KPS),

methacrylamide (MAAm), polyethyleneimine (PEI, 50% aqueous
solution; molecular weight, 70 000), and triethylamine (TEA) were
used as received from Aladdin Chemistry Co., Ltd. N,N,N′,N′-
tetramethylethylenediamine (TMEDA) and ethylenediamine (EDA)
were purchased from Sigma-Aldrich. The black carbon-based oily ink
was obtained using a commercial Zebra marker. Millipore deionized
water was used in all of the experiments.
Synthesis of Physical PMAAc Hydrogels. Physical PMAAc

hydrogels were synthesized by free-radical polymerization of the
aqueous precursor solution of MAAc in the presence of KPS as the
initiator and TMEDA as the reaction accelerator. Certain amounts of

MAAc and KPS (0.5 mol %, relative to MAAc) were dissolved in
water. After degassing, a prescribed amount of TMEDA was added to
the precursor solution. The obtained homogeneous solution was
injected into a reaction cell consisting of a pair of glass substrates
separated with a silicone spacer, which was subsequently kept in an
oven at 70 °C for 6 h to complete the polymerization. The as-
prepared hydrogels were then immersed in a large amount of water
for one week to remove the residuals and reach the equilibrium state.
The hydrogels were coded as PT-Cm-VT, in which Cm and VT are the
feeding concentration of MAAc in M and the feeding volume fraction
of TMEDA in vol % (relative to the precursor solution), respectively.
Other physical hydrogels derived from the polymerization of MAAc in
the presence of other amine/amide-containing molecules were
prepared in a similar way by adding a certain amount of EDA, PEI,
MAAm, or TEA to the precursor solution. All of the samples were
prepared at a constant Cm of 1 M.

Characterization. UV−vis absorption spectra of the black carbon-
based oily ink and dye solutions were obtained using an ultraviolet
spectrophotometer (Shimadzu, UV 1800). Infrared spectra of
TMEDA, PMAAc aqueous solution, and the PT-1-1 hydrogel were
measured by attenuated total reflectance Fourier transform infrared
spectroscopy (FTIR) (Nicolet iS10 ATR-FTIR; Thermo Scientific).
All of the FTIR spectra were obtained at room temperature with 32
scans and a resolution of 4 cm−1 in the range of 4000−400 cm−1. Size
distributions of the aggregate particles formed at the initial stage of
polymerization were measured by dynamic light scatting (DLS;
Malvern Zetasizer Nano ZS). The precursor solution was sealed in a
cuvette with 1 mm gap for DLS analysis at 70 °C. A digital
microscope (Dino-Lite AM7515MT8A) was applied for in situ
observation of the structural evolution during the polymerization
process. The precursor solution was dripped between two glass slides
with a spacer of ∼50 μm, which was then placed on a heating stage at
70 °C for in situ microscopy observation. Rheological behaviors of the
hydrogels were measured using a DHR-2 rheometer (TA Instru-
ments). To monitor the gel synthesis process, the precursor solution
was directly transferred to the sample stage, with a spacing of 1 mm
between the top 40 mm diameter parallel plate. Then, oscillatory
shear was applied to the sample at 70 °C with a strain amplitude of
2% and a frequency of 1 Hz (in the linear region). Strain sweep from
1% to 230% was also performed on the hydrogel at 25 °C and a
frequency of 1 Hz. The axial force was set as zero during the
measurement. The composition of the equilibrated PT-1-1 hydrogel
was measured by elemental analysis (EuroEA EA3000). The fraction
of soluble species, φs, is calculated by the formula φs = (m0 − m1)/m0,
where m0 and m1 are the mass of the dried as-prepared gel and dried
equilibrated gel, respectively, after swelling in water at room
temperature for one week.

Microstructures of the hydrogels were observed with a field-
emission scanning electron microscope (SEM; Hitachi S4800). The
samples were prepared by freeze-drying and then cryogenically
fractured in liquid nitrogen. The fractured cross section of the gel was
coated with a thin layer of gold using a sputter coater. The
accelerating voltage for SEM observation was 3 kV. In addition,
microcomputed tomography (micro-CT; skysCan2211) was applied
to characterize the microstructure of the hydrogel with a colloidal
network in the hydrated state.

Mechanical properties of the hydrogels were measured on a
commercial tensile tester (Instron 3343) at room temperature. For
tensile tests, samples were cut from the hydrogel sheet into a
dumbbell shape with an initial gauge length of 12 mm and a width of
2 mm. The stretch rate was 100 mm/min, and the nominal stress (σ)
and strain (ε) were recorded. Young’s modulus (E) of the gel was
calculated from the initial slope of the tensile stress−strain curve with
a strain below 10%. For compression tests, cylinder samples with a
height of 9 mm and a diameter of 12.5 mm were prepared by
polymerizing the precursor solutions in a syringe. The compression
rate was 1 mm/min, and the nominal stress (σ′) and strain (ε′) were
recorded.

To investigate the dye absorption capacity, the cylinder hydrogel of
PT-1-1 (height of 9 mm and diameter of 12.5 mm) was subjected to a
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compression force of 500 N to squeeze out the water, and then the gel
was immediately placed in a 0.1 wt % neutral red dye solution. After
the gel recovered its initial size, it was taken out and compressed to
squeeze out the trapped solution. The concentrations of the dye in the
original and squeezed solutions were measured by UV−vis spectros-
copy. Water evaporation performance of the hydrogel was examined
using a solar simulator (PLS−SXE300D; Beijing Perfect Light
Technology) with solar irradiation density of 1 sun. Hydrogel sheets
with a thickness of 2 mm were cut into quadrate pieces with an
exposed area of 4 cm2, which was placed atop the polystyrene (PS)
foam floated on water in a glass beaker. The mass change of the water
was recorded by a lab balance after a stabilization period under 1 sun
irradiation for 30 min. During the evaporation process, the ambient
temperature and the relative humidity were kept at 20 °C and 50%,
respectively. The water loss originated from the surrounding blank PS
foam under solar irradiation was subtracted from the total loss of
water.

■ RESULTS AND DISCUSSION
Synthesis and Different Microstructures of Physical

Gels. A series of physical hydrogels were synthesized via free-
radical polymerization of MAAc in the presence of TMEDA.
The obtained hydrogels were coded as PT-Cm-VT, in which Cm
and VT are the feeding concentration of MAAc in M and
feeding volume fraction of TMEDA in vol %, respectively. As
shown in Figure 1a, the appearance of the hydrogels varied
with the increase in Cm or with the decrease in VT, from
opaque to translucent and then to transparent, indicating the

different microstructures of the gels. With the decrease in Cm
(constant VT: 1.2 vol %), the microstructure of the hydrogels
changed from a uniform network to an irregular porous
structure and then to a colloidal network composed of
aggregates with diameters ranging from 1 to 2 μm, as revealed
by SEM. The unique colloidal network structure of the gel in a
hydrated state was confirmed by microcomputed tomography
(micro-CT) (Figure 1b). The aggregates were connected to
form a penetrating colloidal network, and the interspace was a
continuous micron-sized channel and filled with water,
suggesting that the freeze-drying process before SEM
observation had little influence on the microstructure of the
colloidal hydrogel. Therefore, in the following section,
microstructures of the colloidal gels were characterized by
SEM for simplicity.
The PMAAc hydrogels or viscous solutions prepared from

precursor solutions with different Cm and VT (in the range of
0.5−6 M and 0−6 vol %, respectively) can be divided into four
regions according to the appearance and microstructure of the
samples, as summarized in Figure 1c: (1) When both Cm and
VT were relatively low, viscous solutions rather than intact
hydrogels were obtained due to the relatively low polymer
content as well as insufficient entanglement and physical cross-
linking. (2) When Cm was high yet VT was relatively low;
transparent gels with a uniform polymer network were formed
by the increased polymer density and entanglements. (3) With

Figure 1. (a) Schematic for gel synthesis, the appearance, and SEM images of the hydrogels (PT-Cm-VT) prepared with different feeding
concentrations of MAAc (Cm) and TMEDA (VT). (i) PT-1-1.2, (ii) PT-2-1.2, (iii) PT-6-1.2, as marked by red circles in panel (c). (b) Micro-CT
morphology of the PT-1-1 gel in the hydrated state. Dimension: 50 × 50 × 50 μm3. Color bar indicates different densities. (c) Diagram of the
microstructures of the gels synthesized with different Cm and VT. The samples are classified into four types based on their appearance and
microstructure. Hollow symbols represent the experimental results.
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further increase in VT on the basis of the above region,
translucent gels with a porous structure were obtained,
probably because of the microphase separation caused by the
formation of hydrogen bond complexes between PMAAc and
TMEDA. (4) When VT continued to increase and Cm was
relatively low, opaque hydrogels with a colloidal network were
obtained due to the enhanced polymerization-induced phase
separation. We should note that the critical VT for phase
separation varied nonlinearly with the increase in Cm.
Relatively, a high VT was required to retain the colloidal
network structure in the hydrogel prepared with a higher Cm.
This was because the enhanced entanglement at higher Cm
should hinder the phase separation to some extent during the
polymerization process.
According to the aforementioned results, there are two

prerequisites for the polymerization-induced phase separation
and formation of a colloidal network structure in hydrogels: (i)
a certain amount of TMEDA to form hydrogen bond
complexes with PMAAc that resulted in microphase separation
and (ii) a relatively low Cm to favor the formation of colloidal
particles rather than the entangled network between PMAAc
chains.
Structural Evolution and Formation Mechanism of

Colloidal Gels. It was remarkable to form the unique colloidal
network structure in the physical hydrogels by direct

polymerization of aqueous precursor solutions. There are
two fundamental questions related to this phenomenon: (i)
How does the microstructure form and develop during the
polymerization of a precursor solution? (ii) What is the
formation mechanism of this colloidal network structure? To
address these problems, the PT-1-1 hydrogel system was
selected to investigate the structural evolution during the gel
synthesis and also to reveal the formation mechanism of the
colloidal network.
Figure 2a showed the variation of rheological properties of

the PT-1-1 system during the polymerization process. At the
beginning of the reaction, the storage modulus, G′, was lower
than the loss modulus, G″, indicating the fluid-like behavior of
the system. Then, G′ and G″ formed a cross over, which was
followed by a drastic increase in G′ and G″. The gelation time
was defined as the reaction time when G′ = G″, corresponding
to the formation of a percolating network. The gelation time
for the PT-1-1 system was about 11 min. The relatively fast
polymerization/gelation should be attributed to the presence
of TMEDA, which usually acted as a reaction accelerator and
decreased the reaction activation energy.37 In addition, the
complex viscosity of the system at the gelation point, ηg*, was
very low, ∼0.04 Pa·s. For physical polymer gels, ηg* was often
in the range of 1−10 Pa·s due to the considerable
entanglement between polymer chains when the gelation

Figure 2. (a) Variations of storage modulus G′, loss storage modulus G″, loss tangent tan δ, and complex viscosity η* as a function of the reaction
time t for the gel synthesis. (b, c) Dynamic light scatting (DLS) measurement (b) and in situ optical microscopy observation (c) during the
synthesis of the PT-1-1 gel. (d) Illustration of the structural evolution during the synthesis of the colloidal hydrogel. The elements in the schematic
are not in scale.
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occurred,32 which was larger than that (0.001−0.1 Pa·s) for
physical gels with a colloidal network assembled from colloidal
suspensions with a volume fraction of 0.02−0.3.9,38,39 This
result indicated that the appearance of a percolated network
was induced by dynamical arrest of colloidal particles with the
increased volume fraction during the polymerization.40

The formation of aggregate particles at the beginning of the
polymerization was monitored by DLS (Figure 2b). Before the
reaction started, MAAc monomers in the aqueous precursor
solution formed plurimolecular aggregates with a diameter of
several hundred nanometers due to the strong hydrogen
bonding between the unionized MAAc units.41−43 A typical
Tyndall phenomenon of the MAAc solution without TMEDA
also verified the presence of micron-sized droplets (Figure
S1a). It should be noted that the subsequent polymerization
process was rarely affected by the MAAc monomer
aggregation.42 In the absence of TMEDA, the reaction
gradually consumed MAAc, accompanied by a gradual
disappearance of the liquid−liquid phase separation interfaces.
Consequently, the aggregate size gradually decreased from
∼600 to ∼1 nm, as the reaction time increased from 0 to 60
min (Figure S1b). This is probably because of the increased
hydrophilicity of reaction-produced PMAAc chains with a
hydrophobic backbone inside and carboxylic acid groups
toward the aqueous environment, which facilitated their
transfer from the small droplets to the surrounding continuous
phase.43−46 While in the presence of TMEDA, PMAAc
polymer chains were produced by the reaction, which led to
a decrease in the particle size, similar to the case without
TMEDA (Figure 2b). However, the resulting PMAAc chains
should be physically cross-linked by TMEDA molecules by
forming hydrogen bonds between the carboxylic acid and
amine groups. The hydrogen bond complexation resulted in
decreased hydrophilicity of PMAAc chains, microphase
separation, and the appearance of colloidal aggregates.32 As
the reaction continued, the size of the aggregated particles
grew fast and reached a diameter about hundreds of
nanometers in a few minutes (Figure 2b), which was different
from the case without TMEDA.
Due to the detection limit of the DLS instrument, the

growth of the aggregates after the gelation point was directly
observed under a digital optical microscope. As shown in
Figure 2c and Movie S1, the primary micron-sized colloidal
particles were uniformly distributed in the suspension and
moved rapidly during the polymerization process. The size of
the particles continued to grow by capturing the free polymer
chains or fusing with other particles. Then, large colloidal
particles quickly aggregated into clusters with a diameter up to
tens of micrometers during the collision and merging process.
The mobility of the colloidal clusters decreased significantly
with the growth in size, and a continuous network was formed
as the large colloidal clusters became interconnected. With
further proceeding of the reaction, the general morphology of
the colloidal network did not change; instead, the colloidal
network became coarsened by merging reaction-produced new
colloids, finally resulting in sponge-like hydrogels consisting of
colloidal particles.
The main driving force for polymerization-induced phase

separation of PMAAc to form the colloidal network was the
hydrogen bonding between the carboxylic acid group in
PMAAc and the amine group in TMEDA.47 The formation of
hydrogen bonds was confirmed by FTIR. Compared to
PMAAc solution, the peak of carbonyl stretching resonances

of the PT-1-1 hydrogel shifted from 1698 to 1685 cm−1, and a
new peak appeared at 1548 cm−1 that is associated with the
antisymmetric vibration of COO− (Figure S2), indicating the
formation of ionic hydrogen bonds between PMAAc and
TMEDA.48−50 Another evidence was the different appearance
of PMAAc solution and MAAc solution after adding 1 vol %
TMEDA. The white flocculent precipitate with a similar
colloidal network structure was found in the former, while no
precipitation was found in the latter (Figure S3). This result
suggested that the aggregate particles were formed by
hydrogen bond complexation between the reaction-produced
PMAAc chain and the dopant molecule of TMEDA. We
should note that the intra- and interchain hydrogen bonds, as
well as the entanglements of PMAAc chains, also contributed
to the robustness of the colloidal particles and the intact
physical hydrogel.51

Based on these results, a possible formation mechanism of
the colloidal network during the gel synthesis was proposed
(Figure 2d). In the precursor solution, MAAc monomers
formed nanosized plurimolecular aggregates, which were
disrupted by polymerization of the monomers to produce
PMAAc chains. The resulting PMAAc polymer chains formed
hydrogen bond complexes with TMEDA, which reduced the
hydrophilicity of PMAAc chains and resulted in microphase
separation and formation of colloidal particles. The quantity
and the size of colloidal particles increased as the polymer-
ization continued and merged or connected to form larger
clusters. The subsequent cluster crowding led to local dynamic
arrest and the formation of the interconnected colloidal
network. The colloidal network further coarsened through
immobilizing newly formed free colloidal particles and polymer
chains, in which the weaker colloidal particles and the trapped
PMAAc chains served as an adhesive to produce an intact and
robust physical hydrogel.

Influence of Temperature and Universality for
Developing Colloidal Gels. The degree of microphase
separation and the microstructure of resultant hydrogels
depended on the density and strength of the hydrogen
bonds between PMAAc and TMEDA, which were influenced
by the composition and condition for gel synthesis. When the
monomer concentration was fixed (Cm = 1 M), the TMEDA
concentration, VT, and the reaction temperature, TR, should
also affect the formation of hydrogen bond complexes and the
microphase separation. The effects of VT and TR on the
microstructure of the hydrogels are shown in Figure S4. As VT
or TR decreased, the hydrogels gradually changed from a
colloidal network to a micron-sized porous network decorated
with some colloidal particles, which became smaller and finally
disappeared. The decrease in VT reduced the density of
hydrogen bonds and suppressed the formation of particles and
the colloidal network. The influence of TR on the microphase
separation was complicated because the decreased TR not only
enhanced the strength of hydrogen bonding but also weakened
the hydrophobic interactions in the system. The weakened
phase separation suggested that the hydrophobic interactions
at an elevated temperature were also significant for the
formation of the colloidal network.52 The variations of VT and
TR also influenced the polymerization kinetics. The coupling of
the chemical reaction and microphase separation determined
the microstructure of the hydrogels.
As aforementioned, the presence of TMEDA with multiple

amine groups capable of forming hydrogen bonds with PMAAc
chains was crucial for the reaction-induced phase separation
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and formation of the colloidal network. The universality of this
mechanism for developing colloidal hydrogels was examined
using other small molecules containing multiple amine groups.
For example, when ethylenediamine (EDA) or polyethylenei-
mine (PEI) was added to the precursor solution of MAAc,
opaque hydrogels with a similar colloidal network were
obtained due to the strong hydrogen bonding interaction
between EDA/PEI and PMAAc chains (Figure 3a,b). Hydro-
gels with a colloidal network can also be prepared by
introducing amide-containing monomers for copolymerization
with MAAc. As shown in Figure 3c, the poly(methacrylamide-
co-methacrylic acid) [P(MAAm-co-MAAc)] hydrogel had a
typical colloidal network because strong intra- and interchain
hydrogen bonds were formed between randomly distributed
amide and carboxylic acid groups of the copolymers that
facilitated microphase separation.32 However, phase separation
was absent during the gel synthesis of the PMAAc hydrogel in
the presence of small monoamines such as triethylamine
(TEA) because it cannot form multiple hydrogen bonds to
physically cross-link the PMAAc chains (Figure 3d). Although
hydrogen bond complexes were demonstrated in this work, we
believe that other noncovalent bonds such as ionic bonds and
coordination bonds could also be used for the polymerization-
induced microphase separation and formation of the colloidal
network.53

Mechanical Properties of the Colloidal Hydrogel.
Different from the common physical gels with the colloidal
network structure,2,9,32,54 our PMAAc hydrogels with a
colloidal network were stable after swelling in water. After
incubating the as-prepared gel in water for one week to reach
the equilibrium state, the colloidal hydrogel PT-1-1 rarely
changed its dimensions. The antiswelling property was

attributed to the robust hydrogen bonds between PMAAc
and TMEDA that served as physical cross-links of the gel
matrix.55 As expected, TMEDA molecules were well retained
in the colloidal hydrogel, as confirmed by the elemental
analysis result (Table S1). The total fraction of soluble species
was 6.5 wt %, which was examined by measuring the solid
content of the gel before and after the swelling process. It can
be estimated that about 1.8 wt % of TMEDA and 6.6 wt % of
MAAc relative to the respective content in the precursor
solution were diffused out of the gel during the swelling
process, thus the soluble species should consist of a small
proportion of unbound TMEDA and a large proportion of
unreacted MAAc monomers and mobile PMAAc chains in the
colloidal gel. The colloidal hydrogels (e.g., PT-1-1 gel) also
possessed moderate mechanical properties, which were
examined by tensile and compression tests. As shown in
Figure 4a, the PT-1-1 hydrogel was soft and stretchable, with a
tensile breaking strain of 525%, breaking stress of 22.1 kPa, and
Young’s modulus of 4.4 kPa. We should note that the content
of TMEDA was very low, ∼6 mol % relative to the MAAc unit;
Cm was 1 M in this work, much lower than that for the
synthesis of tough hydrogels with dense hydrogen
bonds.20,23,56 Although the mechanical properties of the
colloidal hydrogel were not as excellent as other tough
hydrogels,19−24,56−58 they were much better than the most
existing colloidal hydrogels usually having weak interactions
between the particles.8−15 Beyond the notable stretchability,
the colloidal hydrogel also showed the good self-recovery
property at room temperature (Figure S5). During the cyclic
tensile test of the gel with a maximum strain of 300%, the
residual strain decreased rapidly after unloading and finally
disappeared after waiting for 5 min, and the hysteresis ratio

Figure 3. Microstructure of the colloidal hydrogels synthesized by polymerization of MAAc in the presence of (a) EDA, (b) PEI, or (c)
copolymerization of MAAc and MAAm. Insets show the appearance of the gels. Scale bar: 1 cm. (d) Appearance of polymer solution synthesized by
polymerization of MAAc in the presence of TEA. Chemical structures of the amine/amide-containing molecules are atop the SEM images.
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reached above 80% after waiting for 15 min. The incomplete
recovery indicated that the colloidal network was partially
destroyed during stretching. The microstructure of the
hydrogel at different stages of tensile loading and unloading
was investigated by SEM. As shown in Figure 4b, the colloidal
network was highly deformed when the gel experienced a
tensile strain of 300%, upon which large colloidal clusters were
dissociated into small particles. Remarkably, the colloidal
particles and clusters were connected by stretchable fibers like
a necklace. After unloading, the stretched fibers reverted to
colloidal particles, and the microstructure of the gel recovered
the colloidal network. However, the colloidal particles/clusters
of the hydrogel became more uniform after the unloading and
recovery process. This finding was consistent with the result of
self-recovery of the gel (i.e., no residual strain but not full
recovery). The excellent elasticity of the hydrogel should be
related to the robustness of the colloidal particles joined with
the adhesive PMAAc chains. The relatively weak particles can
be highly deformed into a fiber-like shape upon loading and
capable of recovering the particulate shape after unloading.
The structural evolution of the colloidal network at different
tensile strains was also correlated to the rheological result of
the hydrogel by the strain-sweep measurement. As shown in
Figure S6, a weak shear thinning was observed in the colloidal
gel when subjected to a small shear strain (γ < 50%), which
resulted in rearrangement of the colloidal clusters,54 while at a
larger shear strain (γ > 50%), a sharp increase in the storage
modulus was observed, indicating the strain-induced dissoci-
ation and fibrosis of the colloidal clusters within the gel.

The colloidal hydrogel also showed good performance under
compression. As shown in Figure 4c, the hydrogel did not
fracture even under the largest applied force (500 N) of the
tensile tester, with the compression strain (ε′) of 88% and the
compression stress of 3.9 MPa. The hydrogel also had good
self-recovery ability after unloading, as demonstrated by cyclic
compression tests. At a maximum ε′ of 80%, the cylinder
hydrogel can fully recover its original height after unloading
and being immersed in water for 30 min (Figure S7a). The
variations of the microstructures of the gel during the
compression and recovery process are shown in Figure 4d.
The porous colloidal network became compact after the
compression and restored the initial structure after unloading,
indicating the good elasticity of the colloidal gel. The resilience
of the hydrogel was examined by cyclic compressive loading
and unloading (Figure S7b,c). The result showed that the gel
can fully recover its size, yet the maximum compression stress
decreased to some extent, probably because of the structural
adjustment and partial destruction of the colloidal network. We
noticed a sharp increase in the compressive stress when ε′
exceeded 80%, suggesting the disappearance of the cavity and
the densification of the colloidal network under compression.
As shown in Figure S8, the cross section of the colloidal gel at
ε′ of 88% was compact and uniform with a few visible pores.
During the compression process, the water inside the hydrogel
was readily squeezed out. When the equilibrated PT-1-1 gel
was subjected to a compressing force of 500 N, the water
content (q) decreased from 90.3 to 8.6 wt %, indicating that
90.5% of the water was expelled out of the gel. This result
suggested that most water in the colloidal gel was capillary

Figure 4. (a) Tensile stress−strain curve of the PT-1-1 hydrogel. (b) Appearances and microstructures of the PT-1-1 hydrogel in the original state,
after being stretched to a strain of 300% and recovered after unloading for 5 min. (c) Compression stress−strain curve of the PT-1-1 hydrogel. (d)
Appearances and microstructures of the PT-1-1 hydrogel in the original state, after being compressed to a strain of 80% and recovered after
unloading for 30 min.
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trapped in the micropores, which can be readily discharged by
compression and spontaneously reabsorbed after unloading,
just like a sponge.
Colloidal Gels for Dye Adsorption and Solar Vapor

Generation. The colloidal hydrogels with a unique porous
structure and robust mechanical properties should find
applications in molecular adsorption, particle separation, tissue
engineering, solar harvesting, etc.59−62 In the following, two
examples are designed to show the applications of the colloidal
hydrogels in the removal of dye molecules and the generation
of solar steam. The porous structure afforded the colloidal gel
with a high surface area to volume ratio, favoring high-
efficiency dye adsorption and removing from aqueous
solutions. As shown in Figure 5a, the PT-1-1 gel was
compressed to a strain of 88% to squeeze out the water. The
resultant gel sponge was immersed into an aqueous solution
with 0.1 wt % neutral red dye, in which the gel recovered its
initial size by absorbing the dye solution. After waiting for a
while, colorless water was squeezed out of the gel matrix by
compression, while the dye molecules with amine groups were
absorbed by the gel by forming hydrogen bonds with the
carboxyl groups of PMAAc chains.63 The efficiency was
assessed by the variation of the concentration of dye molecules
before and after the adsorption/removing process. According
to the absorption spectra of the original solution and the
purified water in Figure 5b, the concentration of dye molecules
decreased from 1 × 10−1 to 3 × 10−5 wt %, indicating the high
efficiency of the colloidal gel to remove dye molecules for
water purification.
The colloidal gel was also devised into a solar vapor

generator (SVG) (Figure 5c), which is useful for seawater
desalination and clean water generation. The unique porous
structure of the colloidal gel with micron-sized channels should

facilitate the rapid transportation of water.25,64 The upper
surface of the PT-1-1 gel was dyed with black ink to improve
the light-to-heat conversion efficiency (Figure S9); the gel was
placed atop a polystyrene (PS) foam as the floating support.
When exposed to simulated solar irradiation of 1 sun (1 kW
m−2), the local temperature of the hydrogel surface was
measured by an infrared radiation camera (Figure S10). For
the SVG with the ink-dyed PT-1-1 gel, the local temperature
increased from 20 to 34 °C within 5 min of solar irradiation
and then reached an equilibrium value of ∼40 °C. In contrast,
the surface temperature of the blank PT-1-1 gel and the blank
PS foam increased slowly and finally stabilized at ∼30 °C. The
SVG could generate vapor with a steady evaporation rate
during the test time period. The averaged evaporation rate of
the SVGs with and without ink was 1.50 and 1.07 kg m−2 h−1,
respectively, much higher than that of common water
evaporation (0.32 kg m−2 h−1) under the same condition
(Figure 5d). The evaporation energy conversion efficiency of
the SVG, η, was calculated by η = ṁhe/Pin, where ṁ is the mass
flux, he is the equivalent evaporation enthalpy, and Pin is the
solar irradiation power (see details in Figure S11).64,65 As
shown in Figure S12, η of the SVG without ink was 64.6%,
which increased to 91.0% after dyed with the ink, comparable
to the most existing hydrogel-based SVGs.25,66−70

■ CONCLUSIONS

In summary, we have developed a series of sponge-like physical
hydrogels with a unique colloidal network by polymerization-
induced microphase separation, in which the reaction-
produced PMAAc chains formed compact hydrogen bond
complexes with the small molecules bearing multiple amine
groups. The microstructures of the hydrogels depended on the
coupling of polymerization, phase separation, and gelation

Figure 5. (a) Removing of dye molecules using the colloidal gel. The PT-1-1 gel was compressed to squeeze out the water and then placed in the
solution of a neutral red dye to absorb the dye solution. After compression, clean water was squeezed out of the gel. (b) UV−vis spectra of the
original dye solution and the squeezed solution after gel absorption. (c) Schematic for the hydrogel-based solar vapor generator (SVG). (d) Mass
change of different solar vapor generators during simulated solar irradiation at room temperature and relative humidity of 50%.
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processes, which were influenced by Cm, VT, and TR. Colloidal
hydrogels were formed at a relatively low Cm in the presence of
a certain amount of TMEDA, which facilitated the phase
separation and the formation of colloidal particles and clusters
that finally combined to form a continuous colloidal network
during the polymerization/gelation process. These physical
colloidal hydrogels were stable in water and possessed robust
mechanical properties, especially good stretchability. It was
revealed that colloidal aggregates were reversibly deformed
into a fiber-like shape upon stretching and recovered the
particulate shape after unloading. Such features endowed the
gel with good self-recovery ability. These colloidal hydrogels
were further applied to remove dye molecules and generate
solar vapor to produce clean water. The strategy to develop
robust colloidal hydrogels by polymerization-induced phase
separation could be extended to other systems with strong
associative interactions. It should be an interesting research
subject to engineer the microstructures and macroscopic
properties of functional materials by tailoring the phase
separation during the reaction process.
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