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Abstract 

Polyacrylamide hydrogels containing salt as electrolyte have been used as highly stretchable 

transparent electrodes in flexible electronics, but those hydrogels are easy to dry out due to water 

evaporation. Targeted, we try to enhance water retention capacity of polyacrylamide hydrogel by 

introducing highly hydratable salts into the hydrogel. These hydrogels show enhanced water 

retention capacity in different level. Specially, polyacrylamide hydrogel containing high content 

of lithium chloride can retain over 70% of its initial water even in environment with relative 

humidity of only 10%RH. The excellent water retention capacities of these hydrogels will make 

more applications of hydrogels become possible. 
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In many applications such as electronic skin,
1,2

 soft robotics,
3-6

 adaptive optics,
7-9

 and 

electro-mechanical transducers,
10-12

 stretchable electrodes are of vital importance. Most existing 

stretchable electrodes are electronic conductors, such as carbon grease,
10-13

 graphite spray,
13

 

carbon nanotubes,
14-15

 conductive particles/polymer composites,
16-19

 and silver nanowires.
20-21

 

They are usually not fully transparent or not stretchable enough, which limit their use. Some 

ionic conductors, however, have recently been proved to meet the requirements. For example, 

polyacrylamide hydrogel containing sodium chloride (NaCl) as electrolyte has been reported to 

be fully transparent, highly stretchable and ionic conductive. Hydrogel contains water, and NaCl 

could be ionized into sodium cation (Na
+
) and lithium anion (Cl

-
), those play the role of 

conducting ions. The hydrogel has been used as electrode in a transparent loudspeaker.
22

  

Another example is a kind of transparent poly(acrylic acid) (PAA) ionogel fabricated by 

polymerizing acrylic acid in an ionic liquid. The ionogel has a conductivity of 0.22 S/m, elastic 

modulus of about 3 kPa and rupturing stretch of about 4.6, and has been used in transparent 

actuators.
23

  

Compared with ionogels, hydrogels containing salt as electrolyte have some advantages 

such as higher conductivity, much bigger rupturing stretch, lower cost and more ease of 

fabrication, making them irreplaceable in practical use. In a hydrogel containing salt as 

electrolyte, salt and water play the two key roles: salt offers conducting ions while water serves 

as the solvent. A hydrogel containing salt will be conductive as long as it contains water, but the 

less water it contains the stiffer it will be. Therefore, the water retention capacity of a hydrogel is 

a fundamental property influencing its other properties. In previous work, however, the hydrogel 
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has poor water retention capacity, thus it usually fail to work in a few hours due to drying out.
22

 

One way to reduce the rate of water evaporation is to encapsulate the hydrogel, however, it is 

hard to be realized. Another way is to improve the water retention capacity of the hydrogel itself, 

but those experiments are lack.  

According to modern theory of electrolyte solutions,
24,25

 as salt dissolves into water, it 

ionizes into cations and anions, meanwhile the ions bond with water molecules forming hydrated 

ions. Compared with pure water, the ionic hydration effect in aqueous solutions of salt usually 

causes great changes of their properties, including the volume, resistivity, and freezing point, etc., 

especially for concentrated solutions.
24,26,27

 Accordingly, it is possible to enhance the water 

retention capacity of a hydrogel by appropriately selecting the dissolved salt and tuning its 

concentration. Targeted, we introduce salts with different hydratability and varied concentration 

into polyacrylamide (PAM) hydrogel, and investigate their water retention capacity as well as 

their electrical and mechanical properties, aiming to find the most appropriate salt with 

appropriate concentration to enhance the performance of the hydrogel. Polyacrylamide hydrogels 

containing sodium chloride (NaCl), lithium chloride (LiCl), potassium acetate (KAc), and 

magnesium chloride (MgCl2) as electrolyte were prepared respectively following a similar 

procedure as previously reported.
22

 Acrylamide monomer (AM, 2.2 mol/L) and salt powder 

(NaCl: 4 mol/L; LiCl·H2O: 4~12 mol/L; KAc: 2~8 mol/L; MgCl2·6H2O: 2~4 mol/L) were 

dissolved in deionized water, then AM monomer was crosslinked by 

N,N’-methylenebisacrylamide (MBAA, 0.06% the weight of AM), with ammonium persulfate 

(AP, 0.17% the weight of AM) as the initiator and N,N,N’,N’-tetramethylenediamine (TEMED, 
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0.05%~0.15% the weight of AM) as the crosslinking accelerator. The solutions were poured into 

self-made glass molds and gelled in a temperature chamber of 50℃ for 2~5 hours. The 

as-prepared hydrogels are referred to as PAM_NaCl(i), PAM_LiCl(i), PAM_KAc(i) and 

PAM_MgCl2(i), while i represents the initial dissolved salt concentration.  

The hydrogels were cut into cylinder samples with the size of 30mm×2mm, and kept in a 

chamber with certain relative humidity and temperature. The morphology changes of the samples 

in the process were recorded by a digital camera. Figures 1(a)-(c) show the photos of different 

hydrogel samples kept in a chamber with temperature of 25℃ and relative humidity of 20%RH 

for different time. The initial dissolved salt concentration is 4 mol/L. All samples shrink to some 

degree after about 12 hours, demonstrating that some of the water in the hydrogels have 

evaporated. Specially, some NaCl salts dissolve out from PAM_NaCl hydrogel (Figure 1(b)). 

After about 58 hours, PAM hydrogel without salt becomes stiff; for PAM_NaCl hydrogel, almost 

all NaCl salts dissolve out; while for PAM_ LiCl, PAM_ KAc, and PAM_ MgCl2 hydrogels, they 

just continue to shrink, but the shrinkage rates decrease a lot (Figure 1(c)), indicating that the 

evaporation of water becomes slower. 

To evaluate the accurate water loss of the hydrogels in the process, their masses were 

recorded every certain time using an electronic scale, and the water loss at itime   is calculated 

by 

Mass(hydrogel, time i) Mass(hydrogel, time 0)
Water Loss

Mass(water, time 0)

  
 


,         (1) 

where 0)time(water, Mass   is calculated by the amount of the raw materials used. 
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Figures 2(a)-(c) show the evolutions of water loss with time for polyacrylamide hydrogels 

containing LiCl, KAc and MgCl2 with varied concentration. The samples were kept in a chamber 

with temperature of 25℃ and relative humidity of 20%RH. All the hydrogels exhibit similar 

characteristics as that, with time going on, their water loss gradually increases till reaching to 

their steady-state value. At the steady states, for PAM_LiCl hydrogels, as the initial dissolved 

LiCl concentration increases from 4 mol/L to 12 mol/L, the water loss decreases from 67% to 

11% (Figure 2(a)); for PAM_KAc hydrogels, as the initial dissolved KAc concentration increases 

from 2 mol/L to 8 mol/L, the water loss decreases from 88% to 58% (Figure 2(b)); while for 

PAM_MgCl2 hydrogels, as the initial dissolved MgCl2 concentration increases from 2 mol/L to 4 

mol/L, the water loss decreases from 74% to 41% (Figure 2(c)). Apparently, for hydrogels 

containing the same kind of salt, their steady-state water loss gets lower with the increase of 

initial dissolved salt concentration, meaning that their water retention capacity gets better. 

The different water retention capacities of these hydrogels result from the difference in ionic 

hydration
24,25

 degree of the dissolved salts. In a hydrogel, water molecules bonded to ions have 

to break the bonds to evaporate, while free water molecules evaporate naturally, as shown in 

Figure (3). Higher ionic hydration degree of the dissolved salt means stronger bond strength 

between cation/anion-water molecule pairs and more bonded water molecules, resulting in more 

difficulty of water molecules evaporation or in other words better water retention capacity. We 

can deduce from the experimental results that the ionic hydration degree of the dissolved salt is 

controlled by salt species and salt concentration, and that LiCl salt is more hydratable compared 

with other investigated salts.  
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It is necessary to investigate the variation of water retention capacity for a certain hydrogel 

when the ambient relative humidity changes. We chose PAM_LiCl(12), PAM_KAc(8), and 

PAM_MgCl2(4) as representatives, due to each of them show the best water retention capacity  

among the hydrogels containing the same kind of salt (Figures 2(a)-(c)). The evolutions of water 

loss with time for these hydrogels under different relative humidity (10%RH-30%RH, ~25℃) 

are shown in Figures 4(a)-(c). As the ambient relative humidity rises from 10%RH to 30%RH, 

the steady-state water losses of PAM_LiCl(12), PAM_KAc(8) and PAM_MgCl2(4) decrease 

from 28%, 77%, and 44% to -3.5%, 42%, and 32% respectively. Typically, PAM_LiCl(12) 

hydrogel exhibits excellent water retention capacity, it can retain over 70% of its initial water 

even in environment with relative humidity of only 10%RH. 

After the hydrogel samples reached their steady states respectively, electrical property 

measurements were carried out subsequently using an impedance analyzer of Agilent E4980A. 

The conductivity   is calculated by 

1 l

RS
    ,                               (2) 

where l and S represents the thickness and cross-section area of the sample respectively, and R is 

the resistance measured by Agilent E4980A.  

Figures 5(a)-(c) show the steady-state conductivity of different hydrogels kept in chambers 

with relative humidity of 20%RH and 30%RH (25℃) respectively. For hydrogels containing the 

same kind of salt, the steady-state conductivity increases as the initial dissolved salt 

concentration increases, while it decreases as the ambient relative humidity drops. PAM_LiCl(12) 

hydrogel has the highest conductivity of about 12 S/m at 30%RH and 10 S/m at 20%RH; 
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PAM_KAc(8) hydrogel has conductivity of about 8 S/m at 30%RH and 6 S/m at20%RH; while 

PAM_MgCl2(4) hydrogel has conductivity of about 4.5 S/m at 30%RH and 3 S/m at 20%RH. 

The results show that with a higher solubility of LiCl, the hydrogel containing LiCl salt has a 

much higher conductivity than that of the other two kinds of hydrogels containing KAc and 

MgCl2. 

For mechanical property measurements, the as-prepared hydrogels were cut into cuboid 

samples with the size of 12mm×2mm×2mm, and kept in chambers with certain relative humidity 

and temperature till they reached their steady states. Then uniaxial tensile tests were performed 

immediately at a rate of 100 mm/min using a tensile machine. 

 Table I shows the steady-state mechanical properties of different hydrogel samples kept in 

chambers with relative humidity of 20%RH and 30%RH (~25℃). The Young’s modulus is got 

from the stretch-stress curve within small stretch (<1). Under relative humidity of 30%RH 

(~25℃), all hydrogels have low Young’s modulus (<3 kPa), but PAM_LiCl and PAM_MgCl2 

hydrogels have large fracture stretch (>20), while PAM_KAc hydrogels have smaller fracture 

stretch, especially that PAM_KAc(8) only has a fracture stretch of 7. As the ambient relative 

humidity drops to 20%RH (~25℃), the Young’s modulus and fracture stretch of PAM_LiCl 

hydrogels do not change too much, but the Young’s modulus of PAM_KAc hydrogels increases 

and its fracture stretch decreases further, while the Young’s modulus of PAM_MgCl2 hydrogels 

increases a lot (>5 kPa) despite that they still have large fracture stretch (~20). Compared with 

PAM_KAc and PAM_MgCl2 hydrogels, PAM_LiCl hydrogels exhibit the best mechanical 

properties with low Young’s modulus (<3 kPa) and large fracture stretch (>20). 



 

 8 

When the ambient relative humidity drops to 10%RH, it is hard to measure the conductivity 

and mechanical properties of the hydrogels since the air relative humidity is rarely as low as 

10%RH. However, from the water retention capacity measurement results we can see that the 

water loss of the hydrogels does not increase too much when the ambient relative humidity drops 

from 20%RH to 10%RH (Figures 4(a)-(c)), so we can deduce that the conductivity and 

mechanical properties of the hydrogels will not deteriorate too much either. 

Lastly, we measured the electric temperature dependency of the resistance and conductivity 

of PAM, PAM_LiCl(12), PAM_KAc(8) and PAM_MgCl2(4) hydrogel, as shown in Figures 

6(a)-(d). The as-prepared hydrogels were cut into cylinder samples with the size of 

30mm×2mm, and gold foil electrodes were pasted onto the samples. The samples were then 

kept in a temperature chamber with the temperature varying from -100℃ to 100℃. Impedance 

measurements were carried out using Novocontrol Concept40 broadband dielectric/impedance 

spectrometer. Conductivity of the samples is calculated using Equation (2). As ambient 

temperature drops, the resistance of the hydrogels normally increases gradually at first, and then 

increases sharply when the temperature drops below a critical point, while the conductivity of the 

hydrogel decreases to near zero simultaneously. For PAM hydrogel without salt, at a critical 

temperature of 0℃, the hydrogel has a resistance of 172  and a conductivity of 0.017 S/m. At 

temperature of -2℃, its resistance increases sharply to about 1 k while its conductivity 

decreases to less than 0.003 S/m (Figure 6(a)). Since the freezing point of pure water is 0℃, it is 

reasonable to deduce that the freezing point of PAM hydrogel is near 0℃. For other samples, 

according to their resistance/conductivity-temperature curves and the behavior of the 
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resistance/conductivity of PAM hydrogel near the freezing point, we can deduce that the freezing 

points of PAM_LiCl(12), PAM_KAc(8) and PAM_MgCl2(4) hydrogel is near -80℃, -60℃ and 

-20℃ respectively (Figures 6(b)-(c)). These results show that the incorporation of salt can cause 

great decreases of the freezing points of the hydrogels.  

In summary, we study the influence of both salt species and salt concentration on the water 

retention capacities as well as the electrical and mechanical properties of polyacrylamide 

hydrogels containing salts as electrolyte. In terms of improving water retention capacity of the 

hydrogel, NaCl is less effective, while LiCl, KAc, and MgCl2 are effective in different level. For 

hydrogels containing the latter three kinds of salt, their overall performances get better with the 

increase of initial dissolved salt concentration. Specially, LiCl is proved to be the most effective 

salt for water retaining: with an initial dissolved concentration of 12 mol/L, over 70% of the 

water in PAM_LiCl hydrogel can be retained even in environment with relative humidity of only 

10%RH. Apart from the excellent water retention capacity, the hydrogel also shows quite good 

electrical properties (high conductivity of ~10 S/m, low freezing point of ~-80℃) and good 

mechanical properties (low elastic modulus of ~3 kPa, large fracture stretch of over 20). These 

results will be beneficial for broadening the application fields of hydrogels. 
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Figure Captions 

FIG. 1. Photos of hydrogel samples kept in chamber with temperature of 25℃ and relative 

humidity of 20% RH for different time: (a) 0 hour; (b) 12 hours; (c) 58 hours. The initial 

dissolved salt concentration is 4 mol/L. The transparent hydrogels are put on yellow slippy 

silicone papers in order not to constrain their shrink. 

FIG. 2. Evolutions of water loss with time for different hydrogels kept in chamber with 

temperature of 25℃ and relative humidity of 30% RH: (a) PAM_LiCl(i); (b) PAM_KAc(i); (c) 

PAM_MgCl2(i). 

FIG. 3. Schematic of the hydration of LiCl in water. 

FIG. 4. Evolutions of water loss with time for hydrogels with high content of salt kept in 

chambers with chamber of 25℃ and different relative humidity: (a) PAM_LiCl(12); (b) 

PAM_KAc(8); (c) PAM_MgCl2(4).  

FIG. 5 Conductivity of hydrogels containing different salts with varied concentration after they 

reached their steady states when kept in chambers with relative humidity of 20% RH and 30% 

RH (~25℃): (a) PAM_LiCl; (b) PAM_KAc; (c) PAM_MgCl2. 

FIG. 6 Temperature dependency of the resistivity and conductivity of different hydrogels: (a) 

PAM hydrogel; (b) PAM_LiCl(12) hydrogel; (c) PAM_KAc(8) hydrogel; (d) PAM_MgCl2(4) 

hydrogel.  

TABLE I. Mechanical properties of different hydrogel samples after they reach their steady states 
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when kept in chambers with different relative humidity (~25℃). The Young’s modulus refers to 

the average Young’s modulus of each sample within small stretch (<1).  

Condition Parameter PAM_LiCl

(8) 

PAM_LiCl

(12) 

PAM_KAc

(6) 

PAM_KAc 

(8) 

PAM_MgCl2 

(3) 

PAM_MgCl2 

(4) 

25℃, 

20%RH 

Young’s 

modulus (kPa) 
3.0 1.8 4.4 1.0 13.3 6.4 

Fracture stretch >20 >20 11 5 20 19 

25℃, 

30%RH 

Young’s 

modulus (kPa) 
2.5 1.7 1.3 0.6 2.1 1.2 

Fracture stretch >20 >20 16 7 >20 >20 
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