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Abstract
Inorganic salt hydrates are promising phase change materials (PCMs) but suffer from low viscosity 

at temperatures above their melting point resulting in leakage problems during thermal storage 

applications. To achieve shape stabilization of one type of molten inorganic PCM  calcium nitrate 

tetrahydrate (CNH) – this work explored gelation of polyvinyl alcohol (PVA) in this solvent and 

the effect of dynamic boronate ester bonds on salogel strength. The occurrence of gelation of PVA 

in molten CNH but not in water is rationalized by the extremely high salt content and scarcity of 

hydration water in CNH, enabling  intermolecular hydrogen bonding between PVA chains. While 

neat PVA salogels in CNH were weak, with a gel-to-sol transition temperature (Tgel) below room 

temperature, the addition of small amounts of borax (<~0.3 wt%) introduced dynamic covalent 

crosslinks and yielded salogels with Tgel  tunable over a wide temperature range from 7 to 70 °C. 

The PVA-borax salogels were about one order of magnitude stronger than their well-known 

PVA/borax hydrogel counterparts, and, unlike PVA/borax hydrogels, were capable of retaining 

their shape and preventing leakage of molten CNH. Moreover, the salogels exhibited reversible 

and repeatable temperature-triggered gel-to-sol transitions and the ability to self-heal. The low 

polymer and crosslinker concentration also ensured that more than 95% of the heat of fusion of 

neat CNH was maintained in the salogels and was retained after twenty cycles of melting and 

crystallization, demonstrating the robust nature of these energy storage materials.  
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Introduction
Thermal energy is the most consumed form of energy that is available in many forms such 

as fossil fuels, solar thermal energy, geothermal energy, biomass, and as industrial waste heat. For 

optimal utilization and preservation of these sources, several thermal energy storage strategies and 

thermal storage materials are being explored.1 One example is phase change materials (PCMs), 

whose capability of storing and releasing large amounts of thermal energy as latent heat during 

phase transitions can be used for thermal management in buildings to reduce energy consumption 

through either direct incorporation in the building walls or use in heat and cold storage units.1,2 

Among several types of PCMs that include organic and inorganic materials, inorganic salt hydrates 

composed of inorganic salt and water stand out as low-cost, non-flammable materials with high 

heat storage capacities.3 However, low viscosity of molten inorganic salt hydrates leads to leakage 

from the thermal storage module.2, 3 Several strategies using inorganic matrices and polymer 

networks were developed to provide shape stabilization of the salt hydrate in its liquid state.3-8 

Polymers such as polyacrylamide,4, 8 self-curing acrylic resin,5 UV cured polyurethane acrylate,6 

and poly(acrylate sodium)7 have been used as shape stabilizing matrices for salt hydrates and their 

eutectics. PCM loading varying from 42 to 90 wt% were reported with these matrices, which 

resulted in a lowering of heat of fusion and changes in the phase change temperature of the salt 

hydrate PCM.4-8 However, these efforts were focused on developing materials that are permanently 

crosslinked,4-8 which makes the removal of the PCM from heat exchange modules difficult at the 

end of their life cycle. In contrast, temperature-responsive property of the shape stabilizing matrix 

allows for easy filling and removal of the PCM from thermal storage module due to their ability 

to reversibly transition from gel to sol above a gel transition temperature (Tgel).

Our previous work introduced temperature-responsive polymer gels (salogels) in molten 

inorganic salt hydrates using hydrogen bonding polymers and physical crosslinkers.9, 10 We 

established that molten salt hydrates present a unique class of solvents for hydrogen-bonding 

polymers, such as poly(vinyl alcohol) (PVA), resulting in gelation which does not occur in water.11 

The reason for such a behavior was identified as scarcity of water in these high-ionic-content 

solvents (~55 wt% of salt in case of lithium nitrate tetrahydrate, LNH). Our recent publication 

compared the inorganic salt hydrates (AB·nH2O, A and B are cations and anions) with water, 

aqueous salt solutions, and ionic liquids as polymer solvents and discussed the effects of solvent 

structure and polymer-solvent interactions on polymer solvation and gelation.3 The unique 
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behavior of polymers in these solvents is due to incomplete saturation of the hydration shells of 

ions and poor hydration of polymer chains by n moles of water.3 This deficiency sets a strong 

competition between ions and polymers for water molecules, making molten salt hydrates a unique 

media for dissolution or gelation of organic compounds and polymers.3, 11, 12 Our work also 

revealed that the use of the physical crosslinking strategy for salogel strengthening requires 

addition of significant amount of a crosslinker which is unfavorable for maintaining the heat of 

fusion characteristics of the neat PCM, and also leads to crosslinker clustering 10, 13 

This work explores a novel approach for shape stabilization of inorganic salt hydrate PCMs 

using polymer gels crosslinked by dynamic covalent boronate ester bonds. In contrast to physically 

crosslinked gels which lack mechanical strength and covalently crosslinked gels which are 

irreversible, dynamic covalent bonds confer the strength of a covalent bond resulting in a strong 

gel network necessary for shape stabilization, while the dynamic nature of the bonds result in 

reversible deconstruction of the gel network in response to an external stimuli. Boronate ester 

bonds are well known to modulate strength and impart pH- and temperature responsiveness to 

solvent-free polymer networks14 and hydrogels,14-30 but their action in the environment of 

inorganic PCMs remained unexplored. A PCM of choice for this work was calcium nitrate 

tetrahydrate (Ca(NO3)2·4H2O, CNH), an inexpensive material with a heat of fusion of 153 kJ/kg  

and low viscosity of 67 mPa s at 323 K above its melting temperature of 42 °C which increases its 

propensity for leakage.31, 32 The high ion content (e.g. ~69 wt% calcium nitrate in CNH) and 

scarcity of water in inorganic PCMs result in incomplete hydration of ions and polymer chains3, 33 

favoring intermolecular polymer-polymer hydrogen bonding and formation of weak PVA salogels. 

Addition of borax in small amounts dramatically strengthened the PVA salogels and increased its 

Tgel well above the melting point of CNH, while maintaining temperature-responsiveness allowing 

for on-demand deconstruction at the material’s end-of-life. In contrast to the well-known boronate 

ester hydrogels, the salogels were stronger and also demonstrated shape retention capability. The 

dynamic covalent boronate ester salogels with a high PCM loading (>96 wt%) showed excellent 

shape stabilization capability, leakage prevention, and retention of thermal properties over multiple 

melting-crystallization cycles. The PVA/borax salogels reported here demonstrate a novel 

application of the well-known boronate ester bonds as thermal energy storage materials. The 

salogels had a very high PCM content (>96 wt%), which is significantly higher than that reported 

with other polymer matrices,4-8 allowing retention of most of the heat fusion capacity of the 
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material. Moreover, the salogels could be deconstructed on demand at the material’s end-of-life 

due to repeatable thermo-reversibility of gelation.

Materials and Methods
 Materials

PVA90k,98 (molecular weight 90 kg /mol, hydrolysis percent 98%), PVA60k,98 (molecular 

weight  60 kg/mol, hydrolysis percent 98%), PVA90k,87 (molecular weight  90 kg/mol, hydrolysis 

percent 87%), PVA20k,98 (molecular weight  20 kg/mol, hydrolysis percent 98%), and sodium 

tetraborate decahydrate (ACS, 99.5-105.0%) were purchased from Alfa Aesar and used as received 

(Table 1). Calcium nitrate tetrahydrate (ACS, 99.0-103.0%) was purchased from Alfa Aesar and 

purified by passing through a PTFE (0.45 µm, 40 mm) syringe filter. Deuterium oxide (D2O) with 

99.9 atom % was purchased from Sigma-Aldrich and used as received. Ammonium hydroxide (28-

30%) were purchased from VWR International and used as received.

Table 1. Abbreviations for different PVA used to make salogels

Abbreviation Molecular weight Hydrolysis degree

PVA90k,98 90 kg/mol 98%

PVA60k,98 60 kg/mol 98%

PVA90k,87 90 kg/mol 87%

PVA20k,98 20 kg/mol 98%

Preparation of salogels and hydrogels

Liquid CNH was obtained by heating as-received solid CNH up to 50 °C in a sealed vial. 

PVA/CNH salogels were prepared by adding PVA powders into liquid CNH and heating the 

mixtures at 80 °C on a hot plate under gentle stirring for 24 hours in a sealed vial. The polymer 

readily dissolved in CNH upon heating to 80 °C with gentle stirring, whereas PVA dissolution in 

water required heating to above 95 °C with vigorous stirring regardless of molecular weight and 

degree of hydrolysis. After the PVA was completely dissolved, stirring was stopped, and the 

samples were put into the oven at 80 °C for 24 hours to remove bubbles and obtain a homogeneous 

solution. The samples were then cooled down to room temperature to induce gelation. PVA/borax 

salogels were prepared by adding borax to PVA90k,98 salogel at 70 °C, followed by heating the 

mixture to 90 °C while stirring to facilitate the dissolution of borax, and cooling down to room 
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temperature to induce gelation. Due to the limited solubility of borax in CNH the maximum 

amount of the crosslinker that could be dissolved was ~0.35 wt%, therefore borax concentrations 

not exceeding 0.35 wt% were used in all salogels. For shape stabilization studies which required 

the strongest gels, borax concentration of 0.32 wt% was used. Because of the known supercooling 

effect that is significant in the case of CNH,34 no crystallization occurred in the system at room 

temperature, and freezing temperatures (-18 °C) were used to induce crystallization of CNH for 

testing performance of the matrix during multiple crystallization/melting cycles. 

PVA/borax hydrogels were prepared by dissolving PVA90k,98 in water as described, cooling 

PVA aqueous solutions to room temperature, followed by the addition of borax and stirring at 

room temperature until the borax dissolved and formed a gel. Stirring was stopped at this point 

and the gel was allowed to equilibrate at room temperature for 24 hours for homogenization.

Deuteration of CNH for ATR-FTIR studies

The use of deuterium oxide (D2O) instead of H2O with salogels and hydrogels enabled 

distinguishing the -OH stretching band of water from the salt hydrate from the -OH stretching band 

of PVA. To prepare the deuterated analogue of CNH, i.e. CND, CNH was first heated in a vacuum 

oven at 135 °C to remove water and form anhydrous calcium nitrate. Then anhydrous calcium 

nitrate salt was mixed with the stoichiometric amount of D2O to obtain CND. Analysis by 

attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) showed the 

disappearance of -OH peak (3000-3800 cm-1) and the appearance of -OD peak (2100-2800 cm-1) 

after the completion of the above procedure, thus confirming the successful deuteration of CNH 

(Fig. S1).

Materials Characterization  

ATR-FTIR measurements were performed using a Bruker Tensor II spectrometer equipped 

with a mercury cadmium telluride (MCT) detector and a single-reflection diamond ATR 

attachment. Spectra was collected in the range of 400-4000 cm-1 at 4 cm-1 resolutions using 64 

repetitious scans. Each measurement was performed with ~10 µL of sample drop-casted on to the 

ATR diamond crystal. 

Peak fitting procedure and analysis of vibrational features of D2O and CND. FTIR analysis 

of solvents, and PVA salogels and hydrogels shown in Figs. 1 and 2 was performed using 

deuterated solvents (D2O or CND). Peak fitting of the OD peak of D2O was done based on Sun’s 

5 sub-bands theory which considers single donor double acceptor (DAA, strong, 2300 cm-1), 
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double donor double acceptor (DDAA, strong, 2385 cm-1), single donor single acceptor (DA, 

weak, 2479 cm-1), double donor single acceptor (DDA, weak, 2574 cm-1) hydrogen bonding 

modes, and free OD (2668 cm-1) (Fig. 1a).35 The fitting results were obtained by assuming the 5-

sub peaks are Gaussian. For D2O, the peak centers and bandwidths were taken from published 

data.36 These fitting parameters were used to obtain a suitable initial fitting for both D2O and CND 

and  then the parameters were allowed to vary at the final step of fitting. Before curve fitting, a 

baseline correction was performed to the raw spectra. Fig. 1b & c show that the OD stretching 

vibrational features dramatically differ in D2O and liquid CND, indicating the different state of 

water in these two solvents. The most notable trend is the dominance of larger DDAA ((H2O)16, 

(H2O)20)37, 38 and smaller DA ((H2O)6)37, 38 clusters in water and CND, respectively. 

Rheological Measurements. Rheological measurements for both salogel and hydrogel 

samples were performed using an Anton-Paar stress-controlled rheometer (MCR 301) equipped 

with a Peltier stage that enabled controlling the temperature within ±0.5 °C. All measurements 

were performed using parallel plate with a 40 mm diameter and a gap of 800 µm. The linear 

viscoelastic regime (γL) was determined by oscillation amplitude sweep tests which were 

conducted at 25 °C within a strain range of 0.1−100% using a frequency of 10 rad/s. The oscillation 

temperature ramp and oscillation frequency sweep experiments were performed in the linear 

viscoelastic regime at a frequency of 10 rad/s and 6% strain. To illustrate the self-healing property, 

oscillation time sweeps were alternatively conducted in the linear and non-linear viscoelastic 

Fig. 1. ATR-FTIR analysis of 2100-2800 cm-1 OD stretching vibrational band in CND and D2O. 

(a) Schematic of DAA, DDAA, DA, and DDA hydrogen bonding modes; (b) D2O and (c) CND 

spectra fitting of OD band.
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regimes to simulate rupture and recovery of the gels. Water evaporation and absorption during the 

experiment was minimized using a solvent trap. 

Thermal Analysis. The melting temperatures and heat of fusion of salogels were 

determined by differential scanning calorimetry (DSC) using a TA Instruments Q2000 calorimeter 

with a temperature precision of ±0.005 °C and calorimetric precision of ±0.25%. Measurements 

were conducted at a 10 °C/min temperature ramp from -40 °C to 80 °C under nitrogen gas purging 

at a flow rate of 50 mL/min.

Thermal cycling of salogels

The ability of PVA/borax salogels to shape stabilize CNH and preserve its thermal 

properties during thermal cycling was evaluated by subjecting salogels to multiple melting and 

crystallization cycles. Salogels containing 3 wt% PVA90k,98 and 0.32 wt% borax were chosen for 

these experiments since this system provided the strongest gel required for shape stabilization 

studies. Shape stabilization experiments were performed using hexagon shaped salogels obtained 

by crystallizing the as prepared salogels in molds. Thermal cycling was done by heating the bulk 

salogels stored in an air-tight container to 50 °C, i.e. a temperature above the melting point of CNH 

(42 °C) and holding at this temperature until all the CNH melted. Because CNH does not crystallize 

when cooled below its melting point due to supercooling, crystallization was achieved by putting 

the salogels in the freezer at -18 °C until crystallization occurred, which took at least 12 hours to 

complete.39 

A similar procedure as described above was used to study the ability of the salogels to 

preserve the thermal properties of CNH during thermal cycling. However, in this case the melting 

and crystallization cycles were performed ex-situ with ~10 grams of salogel contained in a sealed 

round bottom flask. The ex-situ experimental design was needed due to the high degree of 

supercooling, which did not result in crystallization of CNH during the cooling step in DSC even 

at a  low cooling rate of 1 °C/min. Melting was achieved by heating the flask to 50 °C and 

crystallization was achieved by exposing the flask containing the salogel to liquid nitrogen. 

Complete crystallization required exposure to liquid nitrogen until crystallization was initiated 

followed by storage in a freezer at -18 °C for at least 12 hours. Small samples (5-10 mg) of 

crystallized salogel were taken for DSC measurements to determine thermal properties at desired 

intervals up to twenty cycles.
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Results and discussion
The propensity of PVA – a polymer that is prone to both polymer-polymer and polymer-

water hydrogen bonding – is strongly dependent on the type of solvent and the state of solvation 

of polymer chains. Fig. 1 shown in the Materials and Methods section highlights the dramatic 

differences in hydrogen bonding of water molecules in aqueous and salt hydrate solvents, with 

large water clusters characteristic of strong hydrogen bonding in bulk water broken into smaller 

clusters in the salt hydrate. The scarcity of water in the system leaves hydration shells of Ca2+ and 

NO3
- ions in CNH only ~33% saturated3 that can impact hydration state of dissolved polymers. 

Fig. 2 shows the ATR-FTIR data in the -OH stretching region of PVA20k,98 chains dissolved in 

aqueous and salt hydrate solvents. The use of the deuterated rather than hydrogenated solvents 

allowed us to selectively observe -OH stretching vibrations of PVA and correlate the observed 

wavenumbers with the degree of hydrogen bonding of PVA with surrounding solvent. It is seen 

that the band for stretching vibrations of -OH groups in PVA is significantly blue shifted from 

3396 cm-1 in heavy water to 3447 cm-1 in CND, suggesting dehydration of PVA chains in the 

molten salt hydrate. Schematic in Fig. 2 illustrates the resultant enhancement of PVA-PVA 

hydrogen bonding and PVA-ion interactions in the salt hydrate solvents, and the suppression of 

these interactions in aqueous environment by the abundant hydration of PVA. Consequently, as 

shown in Fig. 2, when PVA90k,98 solutions were first heated to 80 °C to dissolve PVA and then 

cooled to room temperature, gelation occurred in CNH but not in H2O. Note that the reported PVA 

hydrogels in water required not only high PVA concentrations (>15 wt%) but also additional 

freeze/thaw processing to promote kinetic trapping of dehydrated PVA units within crystalline 

domains of the gel junction points.40, 41 In contrast, PVA90k,98 spontaneously gelled in CNH at 

moderate concentrations of 3-6 wt%, forming neat PVA salogels. 

Page 8 of 23Journal of Materials Chemistry A



9

Fig. 2. ATR-FTIR spectra showing changes in -OH stretching region of PVA20k,98 in deuterated 

water and CNH (D2O and CND, respectively), schematic of suggested differences in PVA 

hydration and hydrogen-bonding in two solvents, as well as images of glass vials containing 5 wt% 

PVA90k,98 in water and CNH. Experiments were performed at 25 °C.  

Fig. 3a,b show that the crosslinker-free PVA salogels were relatively weak (with G’ and 

G’’ in the kPa range) but exhibited the gel-sol transition as a result of temperature-triggered 

weakening of interchain hydrogel bonding. The gelation temperature, Tgel, determined from 

oscillatory temperature sweep experiments as the crossover point of storage modulus (G’) and loss 

modulus (G”)9, 42  at a frequency of 10 rad/s after the strain sweep experiments to determine the 

linear viscoelastic regime (Fig. S2). The Tgel was frequency dependent and varied by 8 °C for PVA 

salogels when temperature sweeps were performed between 3 and 10 rad/s (data not shown), 

suggesting that the salogels did not follow the rheological definition of true gels which requires 

the phase angle δ (tan δ = G”/G’) to be  independent of frequency.43, 44 This behavior is further 

highlighted in Fig. S3 showing that in high frequency regime beyond the modulus crossover both 

storage and loss moduli continued to increase.  Note that the frequency-dependent behavior of the 

crossover point was broadly reported for many physical gels,9, 45, 46 including borax-crosslinked 

systems,47, 48 and often explained by heterogeneity and clustering of weak physical crosslinks,13, 49 
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which is likely to occur in the borax-free PVA salogels stabilized by  intermolecular hydrogen 

bonding. Fig. 3c, d and Fig. S3 illustrate the effects of molecular weight and degree of hydrolysis 

on Tgel  strength and relaxation time of PVA salogels. Consistent with prior reports on the effect of 

molecular weight on polymer gelation  which were demonstrated in other systems,50, 51 PVA with 

matched concentration and degree of hydrolysis, but higher molecular weight had enhanced Tgel 

(Fig. 3c) and longer relaxation time τ (Fig. S3a, b), as demonstrated for PVA90k,98 and PVA60k,98. 

The effect of molecular weight is explained by higher number of elastically active chains resulting 

in large number of connected junction zones forming a percolating network.50, 51 The gelation 

temperature and relaxation time (Fig. 3d and S3c, d) also increased with the degree of hydrolysis 

of PVA, indicating the important role of intermolecular hydrogen bonding between PVA hydroxyl 

groups in gelation.52  PVA with higher degree of hydrolysis provided more -OH groups for forming 

physical crosslinking points, facilitating the formation of a 3D network. 

For the use of CNH-based salogels in heat storage applications, preservation of melting 

point and high heat of fusion of salogels compared to that of neat CNH is critically important. Fig. 

3e and f show the representative DSC curves and the melting points and heats of fusion obtained 

from DSC data analysis. Comparison of melting peaks of neat CNH and PVA90k,98/CNH salogels 

shows that the difference in the melting points was as low as 1 °C (Fig. 3e), and reduction of heat 

of fusion of neat CNH was proportional to the amount of PVA added, with more than 95% of the 

heat of fusion compared to neat CNH retained in a 4 wt% PVA90k,98 salogel (Fig. 3f). Note that 

similar results were obtained with PVA of different molecular weights (90 kDa and 60 kDa, Fig. 

S4). The data suggest that solid-liquid phase transition of CNH was not affected by the addition of 

the polymer and that the heat of fusion decreased mainly due to dilution of CNH by PVA, with the 

interactions between PVA and CNH playing a negligible role in thermal performance of 

PVA/CNH salogel system.  
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Fig 3. (a) Oscillatory rheology temperature sweep experiment performed at 10 rad/s showing 

gel to sol transition temperature (Tgel) in 4% PVA90k,98 salogels (b) Schematics of the gel-to-sol 

transitions in PVA salogels. (c, d) Effects of molecular weight and degree of hydrolysis of PVA  

on  Tgel in PVA salogels. (e) DSC curves comparing the melting peaks of neat CNH and 4 wt% 

PVA90k,98 salogel. (f) The effect of PVA concentration on heat of fusion of CNH in  PVA90k,98 

salogels.
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As shown in Fig. 3, crosslinker-free salogels were relatively weak and exhibited Tgel far 

below the melting point of CNH of 42 °C. To improve strength of the salogels and achieve Tgel 

above the melting point of CNH, we introduced dynamic covalent bonds via addition of borax. 

Formation of dynamic covalent borate-diol ester bonds has been shown to be exothermic, with 

equilibrium shifting toward the initial components with increasing temperature.29, 53 We expected 

that introduction of these bonds in the salogel can improve the gelation strength while maintaining 

the salogel temperature responsiveness. Fig. 4a shows the effect of borax concentration on Tgel of 

PVA90k,98 salogels. Importantly, the addition of as small amount as 0.16 wt% of borax dramatically 

improved Tgel by almost 40 °C, resulting in salogels with Tgel higher than the melting point of CNH 

(Fig. S5). At the same time, relaxation time of PVA90k,98/borax salogels increased exponentially 

with borax concentration (Fig. S6). Specifically, addition of 0.32 wt% borax to 3 wt% 

PVA90k,98/CNH system raised Tgel to 70 °C and caused 3 orders of magnitude increase in the 

relaxation time compared to a PVA salogel without borax. The thermo-responsive gelation in 

PVA/borax salogels remained reversible as demonstrated using a 0.16 wt% borax salogel with a 

Tgel of 46 °C by 3 heating/cooling cycles between room temperature and 70 °C (Fig. S7). 

Moreover, the addition of a small amount (<0.3 wt%) of borax to the salogels had a negligible 

effect on the CNH melting point and heat of fusion of the salogels (Fig. 4b, c). Hence, borax 

provides effective strengthening of the salogels, as well as supports their temperature-responsive 

behavior which can be tuned by the number of boronate ester bonds introduced. Crucially, for 

Fig. 4. (a) Effect of borax concentration on Tgel of salogels determined from temperature sweep 

rheology and (b) DSC curves showing the melting transition of CNH in salogel without borax 

and upon addition of 0.16 and 0.32 wt% borax. (c) Heat of fusion and melting point of CNH as 

a function of borax concentration for PVA90K,98/borax salogels. 
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thermal energy storage applications the phase transitions and thermal properties of the salt hydrate 

PCM are not impacted by the dynamic covalent boronate ester bonds. 

The addition of borax also allowed controlling the salogel strength by tuning the pH of the 

system. To explore this effect, 3 wt% PVA90k,98 salogels with 0.16% borax (Tgel = 46 °C) were 

used, in which the original pH (pH=6) was adjusted to higher values using ammonium hydroxide. 

Fig. S8(a, b) shows that as pH was increased to 7, G’(ω) exceeded G”(ω) in the entire frequency 

range 0.1-300 rad/s, indicating a dramatic increase in the relaxation time τ, likely due to the 

formation of additional boronate ester bonds enabled by pH-assisted conversion of boric acid to 

borate anions. Consistent with this result, raising pH from 6 to 7 for PVA/borax salogels led to a 

~25 °C increase in Tgel (Fig. S9 and S10). In contrast, an increase of pH in borax-free PVA/CNH 

salogels demonstrated only a slight decrease of Tgel (Fig. S10) and salogel strength as observed by 

the absence of crossover of G’(ω) and G”(ω) in the frequency range of 0.1-300 rad/s (Fig. S8c and 

d). Note that further increase of pH to 8 or 9 of PVA/borax salogels did not cause additional 

strengthening of the salogels (data not shown). Taken together, the data show that pH can be used 

is a powerful means to controlling the PVA/borax network strength and tuning its gel transition 

temperature. 

We then aimed to compare our PVA/borax salogels with well-known PVA/borax hydrogel 

systems.14, 15, 17, 20, 28, 54 For this purpose, salogels and hydrogels containing 3 wt% PVA90k,98 and 

0.16 wt% borax were prepared in CNH and water, respectively. Comparison of the storage moduli 

in the frequency sweep (Fig. 5a) and temperature sweep (Fig. 5b) experiments showed that the 

salogels were about an order of magnitude stronger than the hydrogels, while the modulus of the 

hydrogels was consistent with the earlier reports.14, 17 Additionally, during frequency sweep, the 

hydrogels unlike the salogels showed traditional gel behavior with storage modulus (G’) reaching 

a plateau and loss modulus (G”) decreasing after reaching a maximum at high frequencies, 

whereas the borax salogels showed behavior similar to borax-free salogels discussed earlier (Fig. 

S3) and their gelation point varied by 10 °C when temperature sweeps were performed between 3 

and 10 rad/s (data not shown).While the temperature sweep experiments shown in Fig. 5b revealed 

a modulus crossover for both salogels and hydrogels as an indication of temperature-triggered gel-

sol transitions in both cases, the transition temperature Tgel  occurred at a higher temperature in 

salogels (46 °C in comparison to 35 °C in hydrogels). The difference in Tgel for the salogels and 

hydrogels was also visualized in vial inversion experiments (Fig. 5b). The higher strength of the 
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boronate ester salogel compared to the hydrogel can be rationalized from our earlier results in Figs. 

1 and 2 which highlight the differences in hydration of PVA in the hydrogels versus the salogels 

which enable additional intermolecular hydrogen bonding in PVA salogels even in the absence of 

borax. The strengthening of salogels by hydrogen bonds and boronate ester bonds has significant 

implications for shape stabilization of CNH and their application for thermal energy storage.

Fig. 5. Rheological behavior of PVA/borax system (3 wt% PVA90k,98, 0.16 wt% borax) in CNH 

(salogels) and water (hydrogels) during (a) frequency sweep and (b) temperature sweep 

experiments. Images in (b) show the gel to sol transition of salogel and hydrogel upon heating 

above Tgel.

The salogels also exhibited self-healing behavior, consistent with physical gels and PVA/borax 

hydrogels that is supported by the transient nature of reversible crosslinking points.55, 56 To explore 

the self-healing properties of PVA/borax salogels and to compare them with hydrogels, we 

performed step strain experiments at room temperature to probe recovery of mechanical properties 

of the salogels after a network rupture. These experiments first involved a strain amplitude test to 

determine linear viscoelastic regime for network recovery and breaking (Fig. S11). This was 

followed by step strain measurements performed between 300% and 10% strain to study the 

rupture and recovery of the storage and loss moduli. Fig. 6a and c show that both the salogel and 

hydrogel quickly recovered under 10% strain after rupturing under 300% strain. However, there 

were significant differences in the healing behavior of salogels and hydrogels. While the stronger 

salogels maintained their gel state during the rupturing step, the weaker hydrogels underwent a 

gel-sol transition as evidenced by the modulus crossover under 300% strain. Despite dramatically 

different mechanical properties and the viscoelastic behavior during rupture, both the salogels and 
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Fig. 6. Self-healing experiments for 3 wt% PVA90k,98, 0.16 wt% borax salogels (top)  and hydrogels 

(bottom) studied by (a, c) step-strain rheology and (b, d) visual demonstration experiments. All 

experiments were performed at room temperature.

hydrogels showed a similar self-healing efficiency after 5 minutes at 10% strain, as calculated 

from G’ values before rupture and after recovery (Fig. S12). Visual demonstration was performed 

from two pieces of the salogels or hydrogels (one colored with a dye and the other not) brought 

into contact with each other at room temperature for ten minutes for the salogels and one minute 

for the hydrogels to allow the self-healing to occur (Fig. 6b, d). The hydrogels healed faster since 

the weaker gel network had a shorter relaxation time allowing the boronate ester bonds to reform 

between the two pieces. On the other hand, the salogel pieces were more elastic and shapable as 

compared to the hydrogel counterparts (Fig. 6b), both as the original pieces and after the pieces 

were brought in contact and stretched. While in both cases the pieces bonded together, the material 

intermixing and sagging was much more severe in the case of hydrogels resulting from their more 

liquid-like behavior and lower mechanical strength (Fig. 6d).

The robustness of the salogels in shape stabilization and efficient trapping of CNH was 

demonstrated by heating hexagon-shaped neat CNH control and salogel samples of the 
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composition 3 wt% PVA90k,98, 0.31 wt% borax to 50 °C until all the CNH melted. At ambient 

temperature, the CNH and salogel hexagons appeared white due to crystallization of CNH. While 

the polymer-free CNH hexagon could not maintain its shape due to its low viscosity and fluidity 

upon melting, the salogel retained its shape for 60 minutes at 50 °C (Fig. S13). We then proceeded 

to test the shape retention capability of the salogel over multiple heating/cooling cycles where the 

salogel was heated to 50 °C until all the CNH melted and then crystallized by cooling for 10 

melting/crystallization cycles (Fig. 7). Fig. 7a shows the maintenance of the salogel shape during 

the 1st and 10th cycle. While slight distortion of the salogel shape caused by creep of the salogel 

was observed, overall good shape stabilization was achieved by a combination of physical and 

dynamic covalent crosslinks. It should be noted that shape stabilization was achieved with an 

unprecedentedly low polymer concentration (3 wt%) and low crosslinker content (0.31 wt%), not 

attainable with previously reported matrices.4-8, 57, 58  The salogels containing molten CNH could be 

easily lifted from the substrate after the 10th melting cycle to demonstrate that there was no leakage 

of CNH during these cycling experiments. Moreover, the salogels were fully re-processable, and 

after heating above Tgel (70 °C) could be put back in the mold and in the freezer to recover 

solidified material. These experiments show that robust PVA/borax salogels can effectively trap 

and prevent leakage of CNH during multiple melting/freezing cycles while maximizing the content 

of a PCM material. The combined effects of self-healing capability, the shape stabilization, and 

trapping of CNH in its liquid state within the PVA/borax salogels were further demonstrated with 

hexagon-shaped salogels broken into two pieces, placed in contact with each other with no external 

pressure and heated to 50 °C for 45 minutes (Fig. S14). In these experiments, the two pieces healed 

and bonded together due to dynamic exchange of physical and dynamic covalent crosslinks. 

Finally, Fig. 7b and c illustrate the critical characteristics for the PCM applications to retain heat 

of fusions and PCM melting points of PCMs during repeated thermal cycling. No loss of the heat 

of fusion was observed, indicating no changes in the water content or the melting point of CNH in 

the salogel after 10 and 20 melting/crystallization cycles. These data indicate that the PVA/borax 

matrix did not interfere with the thermal performance of the PCM during thermal cycling. 
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Fig 7. (a) Thermal cycling experiments showing the first and tenth cycles where the salogel was 

heated to 50 °C to melt the PCM and then crystallized. The pink color was due the presence of a 

small amount of a Rhodamine G dye added to the salogel for visualization. Preservation of (b) heat 

of fusion and (c) melting point during thermal cycling of 3 wt% PVA90k,98, 0.32 wt% borax, CNH 

salogels. 

Conclusions
In this study, strong, temperature responsive salogels with tunable Tgel, repeatable thermo-

reversibility, and self-healing capability using dynamic covalent boronate ester bonds were 

reported for shape stabilization of an inorganic salt hydrate PCM. The unique environment of CNH 

resulted in facile gelation of PVA due to physical crosslinks, whereas the addition of borax 

introduced dynamic covalent crosslinks imparted strength, tunability, and thermo-reversibility of 

gelation. The combination of physical and dynamic covalent crosslinks resulted in salogels having 

superior mechanical properties and shape retention capability compared to their hydrogel 
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counterparts. The suitability of PVA/borax salogels for thermal energy storage applications was 

demonstrated by shape stabilization experiments in which the salogels showed capability of 

trapping a very high loading level of the PCM (>96 wt% CNH) in the salogel matrix. The thermal 

properties of CNH were preserved in the salogel with more than 95% of the heat of fusion of neat 

CNH being retained and maintained over multiple melting/crystallization cycles, illustrating their 

promise for thermal energy storage applications. 
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