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ABSTRACT 
The development of compressible supercapacitors (SCs) that is tolerant to wide temperature range has been severely hindered due to the 
poor ionic conductivity and absence of extra functions in conventional polymer electrolytes. Herein, a highly conductive and compressible 
hydrogel polyelectrolyte has been prepared from polyacrylamide cross-linked by methacrylated graphene oxide (MGO-PAM) and the 
polyelectrolyte can maintain its excellent elasticity at −30 °C as well as its original shape at 100 °C. As a result, the SC based on the MGO-PAM 
polyelectrolyte outperformed those fabricated with the conventional poly(vinyl alcohol) (PVA)/H2SO4 electrolyte over a wide temperature 
window between −30 and 100 °C. Meanwhile, the device shows an excellent cycling stability (capacitance retention of 93.3% after 8,000 cycles 
at −30 °C and 76.5 % after 4,000 cycles under 100 °C) and a reversible compressibility (a high capacitance retention of 94.1% under 80% 
compression). Therefore, the MGO-PAM polyelectrolyte enables the fabrication of compressible SCs with a wide operating temperature, 
rendering new insights for developing next-generation robust and multifunctional energy-storage devices. 
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1 Introduction 
Supercapacitors (SCs) have attracted a lot of research interests 
due to their merits of high power density and long cycle life [1–5]. 
As an indispensable component of SCs, the electrolyte plays an 
important role in determining the electrochemical performance of 
the devices. Currently, conventional poly(vinyl alcohol) (PVA)-based 
electrolytes, such as PVA/LiCl, PVA/KOH, PVA/H3PO4 and PVA/H2SO4, 
have been widely used in  flexible SCs [6–9]. However, these polymer 
electrolytes are only of low ionic conductivity of ~ 2.5 S·m−1 [10–13] 
and lack of other functions, including compressibility and stretchability, 
in developing multifunctional SCs. Recently, new polyelectrolytes of 
polyacrylic acid/vinyl hybrid silica nanoparticles and polyacrylamide 
(PAM)/ vinyl hybrid silica nanoparticles have been applied to fabricate 
self-healing, compressible and stretchable SCs, [14, 15] but their 
conductivity (1.7 S·m−1) was even lower than that of the PVA/H2SO4

 

electrolyte, leading to a narrow electrochemical window of 0–0.6 V and 
a low energy density. To solve this problem, more conductive hydrogel 
electrolytes such as PVA-based borax/KCl hydrogel electrolyte [16], 
PAM/LiCl electrolyte [17], and copolymer comprising of vinylimidazole 
and hydroxypropyl acrylate/H2SO4 [18] have been prepared and the 
maximum ionic conductivity could reach 8.1 S·m−1. However, these 
hydrogel electrolytes usually contain a massive amount of water, which 
inevitably freeze and significantly lose their conductivity below  
0 °C. Consequently, SCs assembled with these hydrogel electrolytes 
only operate properly around room temperature, suffering a 
severe loss in flexibility and device capacitance below −10 °C and thus 

limiting their applications in cold regions [19–21]. Alternatively, 
ionic liquids have been employed as electrolytes to improve the 
temperature tolerance of SCs [22–24]. Unfortunately, ionic liquids 

display high viscosity and poor ionic conductivity at low tem-
peratures [25–27] and their hygroscopicity demands special cares 
in device fabrication [22, 28, 29]. Furthermore, it is very difficult to 
fabricate SCs with multifunctional property such as stretchability 
or compressibility by using ionic liquids as these electrolytes are 
neither stretchable nor elastic. Therefore, PVA/H2SO4 remains as 
the most widely used hydrogel electrolyte in flexible SCs to date, 
[17, 26, 30–35] but it tends to flow at 100 °C and impairs its usage 
under high temperatures [12]. In recent years, many research groups 
have relied on compressible electrodes (superelastic graphene 
foam monoliths as structural buffer) [36], elastic substrates (such 
as commercial polyurethane sponge or melamine foam) [37, 38] or 
hydrogel electrolytes [15, 39] to fabricate flexible and compressible 
energy storage devices. However, these devices generally have   
a poor temperature tolerance as ionic conductivities of these 
electrolytes seriously deteriorate when they do not operate at room 
temperature. Therefore, it is still challenging to find suitable polymer 
electrolyte that is highly conductive, compressible and stretchable 
in wide temperature range. 

Recently, cross-linked polyacrylic acid derivatives and PAM 
hydrogel electrolytes have been used in flexible and high-performance 
energy storage devices such as Co3O4/Zn batteries and zinc-air 
batteries due to their good safety, high ionic conductivity and easiness 
to prepare [39–42]. Herein, we have designed and synthesized a 
new ethylene glycol-water (EG-water) hydrogel polyelectrolyte 
consisting of PAM cross-linked by methacrylated graphene oxide 
(MGO), which possesses a higher ionic conductivity (12.7 S·m−1) 
than that of previously reported polyelectrolytes [10–18, 43], excellent 
elasticity as well as anti-freezing and anti-heating properties. When 
it was directly assembled with multi-wall carbon nanotube (MWCNT)- 
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polyaniline (M-PANI) films into a flexible SC, the device featured a high 
compressibility (94.1% capacity retention under 80% compression), 
wide operating temperature window (from −30 to 100 °C) and 
superior cycling stability (93.3% of capacitance retention after 8,000 
cycles even at −30 °C). In addition, it delivered a high specific 
capacitance of 178.1 F·g−1 (at a current of 0.1 A·g−1), a maximum energy 
density of 15.8 Wh·kg−1 and a power density of 1,511.0 W·kg−1, 
respectively. More importantly, no matter under the low temperature 
of −30 °C or the high temperature of 100 °C, the device retained 
considerably higher capacitance than those fabricated with the 
widely-used PVA/H2SO4 electrolyte.  

2  Experimental 

2.1  Synthesis of the MGO-PAM polyelectrolyte 

Graphene oxide (GO) and MGO were synthesized according to our 
previous report [44–46]. A typical fabrication procedure of MGO- 
PAM was described below. In brief, 20 mL MGO aqueous solution 
(0.6 mg·mL−1) was first prepared by ultrasonication at 0 °C before 
5.2 g acrylamide (AM) monomers (Acros Organics) was slowly 
added. Subsequently, 5 μL N,N,N’,N’-tetramethyl-ethylenediamine 
(TMED) catalysts and 0.02 mg ammonium persulfate (APS) 
(Sigma-Aldrich) initiators were added to initiate the free-radical 
polymerization under stirring at 0 °C. Then, the reaction solution was 
quickly poured in glass vessels and after sealing, the polymerization 
continued at 45 °C for 48 h to form the hydrogel. Finally, the 
obtained hydrogel was thoroughly dried at 50 °C. The MGO-PAM 
polyelectrolyte was obtained by soaking the dried gel in a 10 wt.% 
glycol/water (v:v = 1:1) solution of sulfuric acid for 72 h to achieve 
the equilibrated state. The swelling ratio of the prepared MGO- 
PAM polyelectrolyte was 1,500 wt.% and the water content was about 
711.7% of the weight of the dried gel. It is noted that MGO-PAM 
polyelectrolytes with different swelling ratios and proton contents 
could be prepared by controlling the soaking time in the glycol/water 
solution of sulfuric acid. Similarly, the pure PAM polyelectrolyte was 
also prepared according to the above method. 

2.2  Synthesis of the PVA/H2SO4 polyelectrolyte 

The PVA/H2SO4 polyelectrolyte was prepared according to previously 
reported works [12, 26, 30–35, 43]. Briefly, 6 g PVA powder was added 
into 60 mL 10 wt.% aqueous solution of H2SO4 and the solution was 
stirred at 80 °C until it became transparent to yield the polyelectrolyte. 

2.3  Fabrication of flexible SCs 

M-PANI films were prepared by first immersing MWCNT films 
(Chengdu Organic Chemicals Co. Ltd., Chinese Academy of Sciences) 
in a mixed solution of sulfuric acid (1 M) and aniline monomer 
(0.1 M, Alfa Aesar) and electrodepositing PANI on MWCNT films via 
a cyclic voltammetry (CV) method (potential range of 0–1 V, 50 cycles, 
scan rate is 100 mV·s−1) on a CHI 760E electrochemical workstation 
with a conventional three-electrode setup (Pt and saturated calomel 
electrode served as the counter electrode and reference electrode, 
respectively) [47]. Flexible SCs were directly assembled by sandwiching 
the MGO-PAM polyelectrolyte (~ 3 mm in thickness) between two 
M-PANI films. Polydimethylsiloxane (PDMS) was used to encapsulate 
the devices for measuring the electrochemical performance in a wide 
temperature range of −30 to 100 °C .  

3  Results and discussion 
Figure 1(a) summarizes the synthesis of the MGO-PAM polyelectrolyte. 
GO and 3-(trimethoxysilyl)propyl methacrylate (MPS) reacted to 
form the MGO with unsaturated double bonds. As the pure PAM 
exhibits a poor compressibility and stretchability, it was grafted 
onto the MGO for better mechanical properties. Therefore, the 
MGO-PAM hydrogel was prepared by polymerizing the MGO with 
AM monomers in the presence of TMED as the catalyst and APS 
as the initiator. As shown in Figs. S1 and S2 in the Electronic 
Supplementary Material (ESM), the structures of the MGO and 
MGO-PAM hydrogel were proven by Fourier transform infrared 
spectroscopy (FTIR), Raman spectroscopy, X-ray diffraction (XRD), 
X-ray photoelectron spectroscopy (XPS), and scanning electron 
microscopy (SEM). In particular, the well-known D band (1,349 cm−1) 

 
Figure 1  (a) The MGO-PAM polyelectrolyte prepared by the polymerization reaction of MGO (cross-linking agent) and acrylamide (monomer) in the existence of 
ammonium persulfate (initiator), TMED (catalyst), ethylene glycol, and sulfuric acid (proton source), and the SC assembled with two M-PANI film electrodes located 
directly on each side of the MGO-PAM polyelectrolyte. (b) Schematic of the SC with reciprocating compression ratio from 0% to 80%. (c) Anti-freezing and anti-heating
performance illustration of the fabricated SC at a wide range of temperature from −30 to 100 °C. 
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and G band (1,597 cm−1) of GO were discernible in the Raman 
spectroscopy of the dried MGO-PAM gel and the intensity ratio 
of the D/G band remained unchanged (Fig. S2(c) in the ESM), 
suggesting the retention of original GO moiety. Meanwhile, diffraction 
peaks originated from interlayer stacking at 2θ of ~ 10° in GO and 
MGO were absent in the MGO-PAM hydrogel (Fig. S2(d) in the 
ESM), implying a homogeneous dispersion of MGO sheets in the 
MGO-PAM hydrogel. Compared to the pure PAM, the higher glass 
transition temperature (Tg) observed in the MGO-PAM (101 °C vs. 
94.1 °C) was associated with its restricted polymer chain motion 
due to the formation of cross-linked structure [48]. Therefore, the 
MGO played an important role in reinforcing mechanical properties 
via its covalently binding to PAM chains and acted as effective 
cross-linkers to dissipate external strain energy under deformations. 
The dried MGO-PAM gel was soaked in an EG/water (w:w = 1:1) 
solution of sulfuric acid to yield the MGO-PAM polyelectrolyte 
tolerant of large temperature variations [49–51]. Sulfuric acid supplied 
abundant protons to the polyelectrolyte and a high ionic conductivity 
of 12.7 S·m−1 was obtained. In addition, EG formed a glassy state 
with water to prevent ice crystallization below 0 oC [49] and greatly 
extended the operating temperature of the polyelectrolyte toward 
low temperatures [50, 51]. An elastic and temperature-tolerant SC 
was fabricated by sandwiching the MGO-PAM polyelectrolyte between 
two M-PANI film electrodes (Fig. 1(b)). Owing to the superelasticity 
of the polyelectrolyte, the assembled SC could be reversibly 
compressed up to a record high of 80% [15, 52]. More importantly, 
the device properly operated under wide temperature range from 
−30 and 100 °C, even maintaining its outstanding flexibility at −30 °C 
(Fig. 1(c)). 

The excellent mechanical properties of the device originated 
from the MGO-PAM polyelectrolyte. As shown in Fig. 2(a), while 
the pure PAM polyelectrolyte was poor in mechanical strength, the 
MGO-PAM polyelectrolyte showed high elasticity (80% compression 
ratio) and stretchability (~ 480% extension ratio) (Figs. 2(b) and 2(e), 
and Fig. S4 in the ESM), mainly due to the formation of cross- 
linked polymer chains and extended hydrogen bond networks 
therein. Compared to the freeze-dried pure PAM, the wall between 
individual pores in the MGO-PAM gel was considerably thicker 

(Fig. S5 in the ESM), supporting its swelling in aqueous solution 
for a long period of time without structural collapse. In addition, as 
the MGO-PAM polyelectrolyte was rich in hydrogen bonds that 
interconnected cross-linked polymer chains, in the event that these 
hydrogen bonds broke under external stress, new hydrogen bonds 
could instantly form and reconnect polymer chains to evenly 
disperse energy across the whole polymer network (Fig. S6 in the 
ESM). As expected, the compression stress of the MGO-PAM electrolyte 
improved with the increasing MGO content (Fig. S7 in the ESM). 
In current work, an MGO content of 0.23 wt.% was chosen and its 
swelling ratio was 1,500 wt.% when the dried gel was soaked for 
72 h in a 10 wt.% EG/water (v:v = 1:1) solution of sulfuric acid (see 
Experimental section for details). As shown in Fig. 2(f), the MGO- 
PAM polyelectrolyte could be repetitively compressed to 80% of 
its original height and resistant to a maximum external pressure of 
150.4 kPa for 500 cycles, proving its stable elasticity. Additionally, 
the MGO-PAM polyelectrolyte remained fully elastic and flexible at 
−30 °C (Fig. 2(c) and Movie ESM1). In comparison, the conventional 
PVA/H2SO4 electrolyte was completely frozen into a stiff block at 
−20 °C (Fig. 2(d)). More importantly, the MGO-PAM electrolyte 
remained highly compressible after heated at 100 °C for 30 min (Fig. S8 
in the ESM), suggesting its good water retention capacity due to the 
presence of strong EG–water interactions [53]. The SEM image in 
Fig. 2(g) shows the existence of plentiful micropores in the lyophilized 
MGO-PAM hydrogel and such a highly porous structure would 
facilitate unimpeded diffusions of electrolyte species. Meanwhile, the 
ionic conductivity of the prepared MGO-PAM polyelectrolyte 
reached 12.7 S·m−1, setting a new benchmark for electrolytes used 
in compressible SCs (Fig. 2(h)). 

The impressive electrical, mechanical and thermal properties of 
the MGO-PAM polyelectrolyte are highly desirable in the design 
of flexible SCs. To utilize the high conductivity of MWCNT films 
together with the pseudocapacitive nature of PANI [54–57], we 
chose flexible M-PANI films as electrode materials (in Fig. 3(a)) for 
high-performance SCs. As shown in Figs. 3(b) and 3(c), PANI was 
uniformly electrodeposited on the surface of MWCNT films and 
the nature of M-PANI films was confirmed by Raman spectroscopy 
(Fig. S9 in the ESM). A monolithic SC was assembled by sandwiching 

 
Figure 2  (a) The image of the pure PAM polyelectrolyte showing a poor mechanical property. Demonstration on mechanical properties of the MGO-PAM 
polyelectrolyte (b) at room temperature and (c) at −30 °C. (d) A stiff block of PVA/H2SO4 frozen at −20 °C. (e) Stretchable property of MGO-PAM polyelectrolyte. 
(f) Cyclic stress–strain curves at 80% compression strain of MGO-PAM polyelectrolyte. (g) The SEM image of the freeze-dried MGO-PAM hydrogel. Scale bar: 10 μm. 
(h) Comparison of ionic conductivity of MGO-PAM polyelectrolyte to other reported polyelectrolytes [10–18, 43]. 
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the MGO-PAM polyelectrolyte between two M-PANI films. CV 
curves and galvanostatic charge/discharge (GCD) curves of the device 
are shown in Figs. 3(d) and 3(e), respectively. Two pairs of redox 
peaks were particularly apparent at low scan rates of 10 and 50 mV·s−1 
(Fig. 3(d) and Fig. S10 in the ESM), which originated from redox 
transitions between polaronic emeraldine (a conducting state) and 
leucoemeraldine (a semiconducting state) forms of PANI [58–60]. 
With the scan rate increasing from 10 to 200 mV·s−1, the CV curve 
became slightly distorted and the above-mentioned redox peaks 
were less discernible due to the shorter ion diffusion time at high 
scan rates [58]. Typical nonlinear GCD curves were found in the 
device owing to the presence of PANI (Fig. 3(e)) and its specific 
capacitance reached 178.1 F·g−1 at a current density of 0.1 A·g−1 even 
without using additional current collectors for device optimization. 
In addition, the conventional PVA/H2SO4 electrolyte was also used 
to fabricate a control device by using the same M-PANI electrodes. 
As shown in Figs. 3(f) and 3(g), the device based on the prepared 
MGO-PAM polyelectrolyte exhibited considerably higher capacitive 
performance than the control device, featuring a lower electrochemical 
impedance as well (Fig. S11 in the ESM). When the discharge current 
density increased to 2 A·g−1, the specific capacitance of the device 
with the MGO-PAM polyelectrolyte slightly decreased to 158.3 F·g−1, 

while that of the control device considerably dropped to 70.5 F·g−1 
under the same condition (Fig. 3(h)). Consequently, the SC with 
the MGO-PAM polyelectrolyte delivered a maximum energy density 
of 15.8 Wh·kg−1 and power density of 1,511.0 W·kg−1 (Fig. 3(i)), 
which were significantly higher than those of the device using PVA/ 
H2SO4 polyelectrolyte (maximum energy density of 9.83 Wh·kg−1 
and power density of 1,100.5 W·kg−1). More importantly, the SC 
using the MGO-PAM polyelectrolyte displayed high capacitance 
retention of 94.5% at a current density 2 A·g−1 after 8,000 consecutive 
cycles, validating its satisfactory long-term electrochemical stability 
(Fig. 3(j)).  

Due to the high ionic conductivity of the MGO-PAM polyelectrolyte, 
the electrochemical performance of the assembled SC was barely 
affected by the thickness of the polyelectrolyte (Fig. S12 in the 
ESM). Therefore, CV and GCD curves of the compressed device 
only showed marginal changes (Fig. S13(a) in the ESM and Fig. 4(a)). 
For instance, when the device was compressed to 60% and 80%, it 
maintained 97.7% and 94.6% of the original capacitance, respectively 
(Fig. 4(b)). In addition, after 100 compressing/releasing cycles at a 
maximum compression ratio of 80%, the device showed almost 
unchanged CV and GCD curves (Fig. S13(b) in the ESM and Fig. 4(c)) 
and retained 97.1% of its original capacitance (Fig. 4(c)), demonstrating 

 
Figure 3  (a) Photograph of flexible M-PANI film. (b) The SEM image and (c) corresponding EDS mapping of M-PANI film. Scale bar: 1 μm. (d) CV curves at 
variable scan rates from 10 to 200 mV·s−1, and (e) GCD profiles at various current densities from 0.1 to 2 A·g−1 of the SCs with MGO-PAM polyelectrolytes. (f) CV 
curves at the scan rate of 10 mV·s−1, (g) GCD profiles at the current densities of 0.1 A·g−1, (h) rate performance, and (i) Ragone plot (energy density vs. power density)
of the SCs using MGO-PAM polyelectrolyte and PVA/H2SO4 electrolyte. (j) Cycling performance of the SCs with MGO-PAM polyelectrolyte at a current density
of 2 A·g−1.  
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its outstanding compressibility. Thermally, the device could properly 
operate at the low temperature of −30 °C and high temperature of 
100 °C. When the temperature rose from −30 to 100 °C, both the 
area within CV curves and the discharge time in GCD curves first 
increased and then decreased (in Fig. S14(a) in the ESM and Fig. 4(e)). 
As shown in Fig. 4(e), the specific capacitance of the device was 
141.7 F·g−1 (at –30 °C) and 157.2 F·g−1 (at 100 °C), respectively, corres-
ponding to 84.7% and 94% of its original value at room temperature 
(Fig. 4(e)). Despite of the small decrease in the capacitance, the 
nearly vertical line at low frequencies in the electrochemical impedance 
spectrum confirmed the ideal capacitive behavior of the device 
between −30 and 100 °C (Fig. S14(b) in the ESM). All these results 
unambiguously proved the excellent temperature tolerance of the 
device due to the high ionic conductivity at low or high temperatures 
(Fig. S14(c) in the ESM). Under −30 °C, no significant changes 
occurred in the CV curves when the device was bent between 45° to 
180° (Fig. 4(i)), confirming the excellent mechanical flexibility and 
stability of the device that were never seen in other SCs at this 
temperature. The CV curve and GCD profiles of the device were 
further compared with those of the device made with the PVA/ 
H2SO4 polyelectrolyte at −30 °C (Figs. 5(a) and 5(b)). Obviously, the 
capacitance (141.7 F·g−1 at 0.5 A·g−1) of the device with the MGO-PAM 
electrolyte was considerably higher than that (68 F·g−1 at 0.5 A·g−1) 
of the SCs with the PVA/H2SO4 polyelectrolyte, which was mainly 
attributed to the presence of EG that prevented the MGO-PAM 
electrolyte from frozen as the PVA/H2SO4 polyelectrolyte. In addition, 
both devices also were tested at 100 °C. As shown in Figs. 5(c) and 5(d), 
the electrochemical performance of the PVA/H2SO4 polyelectrolyte 
was far inferior to that of the MGO-PAM polyelectrolyte, presumably 
due to its tendency to flow and reshape [12]. In contrast, the cross- 
linked structure and the presence of EG in the MGO-PAM 
polyelectrolyte enhanced the high temperature tolerance of the device. 
Therefore, even at the high temperature of 100 °C, the fabricated 
device based on the MGO-PAM electrolyte retained the capacitance 
of 157.2 F·g−1 at 0.5 A·g−1, far exceeding that (33.68 F·g−1 at 0.5 A·g−1) 

of SCs with PVA/H2SO4 electrolytes. Overall, the capacitance retention 
was 93.3% at a current density 2 A·g−1 after 8,000 consecutive cycles 
under −30 °C (Fig. 5(e)) and 76.5 % after 4,000 cycles under 100 °C 
(Fig. 5(f)), respectively, demonstrating its good long-term electro-
chemical stability under wide range of temperature. It is noted that 
the capacitance retention increased after 2,000 cycles under 100 °C and 
this was presumably related to the inevitable solvent loss during long 
term operations at this high temperature even though the MGO- 
PAM electrolyte could retain water fairly well. The evaporation of EG 
and/or water led to an increase of acid concentration in the electrolyte, 
and in a certain range, this would improve the ionic conductivity of 
the polyelectrolyte and the capacitance retention as well. However, 
with a further loss of solvent molecules, the ionic conductivity of the 
electrolyte eventually dropped and the electrochemical performance 
of supercapacitor decreased to 76.5% after 4,000 cycles.  

The flexible SCs were connected in series or in parallel to reach a 
higher voltage or current. As shown in Fig. 6(a), the potential range 
increased linearly with the number of SCs in series and a discharge 
potential of 2.4 V could be obtained when three SCs were connected 
in series (Fig. 6(b)). As a result, the calculator was fully functional 
when powered by two SCs and its screen brightness remained 
unchanged even under a load of 500 g (Fig. 6(c) and Movie ESM2), 
validating the excellent compressibility of both SCs. Remarkably, 
two identical SCs connected in series could still power the cal-
culator with all functions available when they were placed in ice 
water (0 °C) (Fig. 6(d) and Movie ESM3) or on a hot plate (100 °C) 
(Fig. 6(e) and Movie ESM4). Moreover, three in-series SCs competently 
lighted up a red light-emitting diode (LED) under the load of 500 g, 
in the ice water (0 °C) or on the hot plate (Fig. S15 in the ESM and 
Movie ESM5). Therefore, the utilization of the MGO-PAM poly-
electrolyte permitted the assembly of compressible SCs (up to 80%) 
tolerant of a wide temperature range from −30 to 100 °C, and as 
summarized in Table 1, the performance of the device was superior 
to those of the flexible SCs reported previously in terms of com-
pressibility and temperature resistance [15, 19, 23, 61–66]. 

Figure 4  (a) GCD curves and (b) specific capacitance and capacitance retention of the SCs with MGO-PAM polyelectrolyte under different compression ratios. 
(c) GCD curves and capacitance retention of the SCs with MGO-PAM polyelectrolyte after 100 compression/release cycles at the current density of 0.5 A·g−1 at a 
maximum compression ratio of 80%. (d) GCD curves and (e) specific capacitance and capacitance retention of fabricated SCs by MGO-PAM polyelectrolyte at the 
different temperature. (e) CV curves of SCs with the different bending angles at −30 °C. 
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Figure 5  (a) CV curves and (b) GCD profiles of the devices with MGO-PAM polyelectrolyte and PVA/H2SO4 under −30 °C. (c) CV curves and (d) GCD profiles of 
the devices with MGO-PAM polyelectrolyte and PVA/H2SO4 under 100 °C. Cycling performance of the SCs with MGO-PAM polyelectrolyte at a current density of   
2 A·g−1 in the temperature of (e) −30 and (f) 100 °C. 

 
Figure 6  (a) The CV curves at the scan rate of 50 mV·s−1 and (b) GCD profiles at the current densities of 0.5 A·g−1 of a single SC, two SCs in series and three SCs in 
series. Photographs showing two series-connected SCs that could power a commercial calculator (c) under two load weights of 500 g, (d) in the ice water (0 °C) and  
(e) at the heating equipment of 100 °C. 

Table 1  Summary of compressible SCs with temperature tolerance 

Reference Maximum compression  
of SC 

Temperature tolerance  
of SCs (°C) 

This work 
[15] 
[19] 
[23] 
[61] 
[62] 
[63] 
[64] 
[65] 
[66] 

80% 
50% 
N/A 
N/A 
75% 
50% 
60% 
60% 
60% 
80% 

−30 to 100 
N/A 

−15 to 25 
−30 to 55 

N/A 
N/A 
N/A 
N/A 
N/A 
N/A 

4  Conclusions 
In summary, we have prepared a new type of MGO-PAM poly-
electrolyte with excellent compressibility, high ionic conductivity as 
well as extreme temperature tolerance. The MGO-PAM polyelectrolyte 
could be used to directly fabricate the compressible SC with high 
capacitance retention of 94.1% under 80% compression. More 
importantly, the device stably operated within a wide temperature 
window from −30 to 100 °C, showing considerably higher capacitance 
than those fabricated with the widely-used PVA/H2SO4 electrolyte. 
The current work provides new insights into the development of 
temperature resistant SCs with high compressibility for practical 
applications in modern electronics such as flexible energy devices 
and soft robot systems. 
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