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Abstract

By partially substituting water molecules in polymer hydrogel electrolytes with organic solvents, the-low temperature toler-
ance of supercapacitors can be significantly improved. However, the low conductivity resulting from the organic solvents
inevitably influences the energy storage behavior of the supercapacitor. To address this issue, a new strategy is employed by
embedding glycerin (Gly)-Mo into both the electrolyte and electrode materials, resulting in a supercapacitor that exhibits
outstanding conductivity and resistance to subzero temperatures. The introduction of Gly-Mo enhances the mechanical
properties and conductivity of hydrogel under freezing conditions. The in situ growth of an electrode containing Gly-Mo
lowers the interface resistance between the electrode and electrolyte. When the temperature decreases from room tempera-
ture to — 40 °C, the supercapacitor retains 63.36% of its specific capacitance. Furthermore, the flexible supercapacitor is
capable of withstanding punching damage, maintaining a specific capacitance of 140.75 mF cm™2 at 1 mA cm™~2 with 300
holes cm~2. The supercapacitor also exhibits remarkable capacitance retention after being bent at a 90° angle for 400 cycles.
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Introduction

While the application of flexible supercapacitor as an energy
storage device in wearable electronics is gaining accept-
ance, their performance at subzero temperatures caused by
regional climate discrepancy or seasonal changes remains
a problem [1]. A flexible supercapacitor typically adopts
a polymer hydrogel electrolyte with a water-rich structure,
which supplies good ion conductivity, mechanical properties
or self-healing ability, etc. [2, 3]. At subfreezing tempera-
tures, the supercapacitor’s performance deteriorates due to
limited ionic conductivity and loss of flexibility caused by
the freezing of water in the hydrogel electrolyte [4, 5]. This
problem severely limits the application of polymer hydrogel
electrolyte-based supercapacitors in cold climates.

To address this issue, researchers are working to improve
the anti-freezing property of the hydrogel electrolytes
for actual application requirements. One simple solvent
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replacement strategy is put forward. By replacing a por-
tion of water molecules in the hydrogels with anti-freezing
agent (inorganic salts, organic solvents or ionic liquids), the
freezing point could be decreased obviously [6—8]. Among
them, organic solvents have attracted researchers’ attention
due to their low cost. They can inhibit ice crystal forma-
tion at subzero temperatures by forming hydrogen bonds
with water molecules [9]. Li and co-workers synthesized
a hydrogel with a broad temperature range from — 20 to
80 °C by using ethylene glycol as the anti-freezing agent
[10]. Zheng and co-workers reported the application of an
anti-freezing supercapacitor composed of polyvinyl alcohol
(PVA), graphene, and dimethyl sulfoxide, which can work
at an ultra-low temperature (—65 °C) [11]. Railanmaa and
co-workers reported the performance of a supercapacitor
with an electrolyte containing glycerol (Gly) at room tem-
perature (RT) to — 30 °C [12]. Lu and co-workers introduced
Gly and CaCl, to a PVA hydrogel, enhancing the freezing
resistance of the organohydrogel [13]. Additionally, Wang
and co-workers designed a Gly-water containing organohy-
drogel as a sensor, which has sensing stability in a range
of — 20 to 60 °C [14].

Although organic solvents can inhibit ice crystals at
low temperatures and prevent water evaporation at high

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-023-05140-6&domain=pdf

4276

lonics (2023) 29:4275-4283

temperatures, replacing water with organic solvents
decreases the conductivity of organohydrogels [15]. Because
organic solvents are non-conductive and can inhibit polymer
ionization [16]. Conductivity is an essential parameter for
electrolytes. To enable good ion transport, complexing metal
into hydrogels seems to be an effective way. Zhang and co-
workers incorporated polydopamine-Fe into the polyacryla-
mide network, enhancing the electrical conductivity of the
hydrogel [17]. Bashir and co-workers introduced MgTf, into
poly (N, N-dimethyl acrylamide) hydrogel electrolytes to
improve the conductivity and stability of the hydrogels [18].
Xu and co-workers synthesized Kappa carrageenan interact-
ing with K* to form an anion complex. Crosslinked with
a poly(N-hydroxyethyl acrylamide) network, the obtained
hydrogel exhibits multifunction in addition to good conduc-
tivity [19]. To our knowledge, there are not many reports
about complexing metals with organic solvents. The work
of Cevik et al. verified the ability of the supercapacitor with
an anhydrous gel electrolyte of Mo-doped Gly-KOH to resist
temperatures ranging from 0 to 100 °C [20].

To improve the low conductivity caused by the replace-
ment of water with organic agents, we complexed transi-
tion metal Mo with Gly and embedded it into electrode and
electrolyte bulk simultaneously. Due to its high capaci-
tance, Mo oxide shows great potential as an electrode
material for supercapacitors. The intermolecular chaining
process between Gly and Mo makes the compound stable
and improves ion transport. In addition to Gly-Mo, the sup-
porting skeleton of organohydrogel electrolyte and the main
active electrode material are PVA and polypyrrole (PPy).
By growing the electrode in situ on the hydrogel electro-
lyte, we fabricate a flexible and anti-freezing multifunctional
supercapacitor based on Gly-Mo. Owing to the introduction
of Gly-Mo in both electrode and electrolyte, the interface
resistance between the electrode and electrolyte is effectively
decreased. The resultant supercapacitor shows outstanding
energy storage performance even at the subzero temperature
of — 40 °C and can work normally under short-term high
temperatures. In addition, the in situ growth method makes
the supercapacitor sustain punching and bending. These
properties of the Gly-Mo-based supercapacitor pave the
way for the development of energy storage devices with low
temperature and damage resistance for wearable electronics.

Experimental section

Preparation of PVA/(Gly-Mo), hydrogels

Firstly, Gly and (NH,),Mo00, solution in a mass ratio of
15:100 was stirred at 90 °C. After Gly-Mo ammonia gas was

converted by ammonium, the obtained gel was Gly-Mo [20].
A 10 mL solution of H,SO, (1 mol L™") was mixed with 2.5
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g PVA and stirred at 90 °C. Gly-Mo was then added to the
PVA polymer solution. After cooling, the above-mentioned
solution was put into a mold. After three freezing-thawing
cycles at — 20 °C and room temperature, we obtained fully
physically crosslinked hydrogels. These hydrogels were
called PVA/(Gly-Mo)y, where X refers to the added volume
of Gly-Mo (mL). Specifically, PVA/(Gly-Mo);, PVA/(Gly-
Mo);, PVA/(Gly-Mo)g, and PVA/(Gly-Mo),; were organo-
hydrogels, and PVA/(Gly-Mo), hydrogel was the control
without Gly-Mo addition.

Preparation of supercapacitor

The PVA/(Gly-Mo)g ; organohydrogel was used as the
electrolyte for the supercapacitor. The organohydrogel was
dipped in a mixed pyrrole (412.5 pL) and a 15 mL H,SO,
(0.5 mol L) solution. Polymerization was initiated by add-
ing an ammonium persulfate (APS) mixed solution to the
above-mentioned solution dropwise. The APS mixed solu-
tion contained 1.37 g APS, 3.6 mL Gly-Mo, and 15 mL
H,SO, solution (0.5 mol L™"). After reacting for 6 h at 05
°C, washed, dried, and then cut off the edges, we obtained
the flexible supercapacitor.

Characterization and electrochemical
measurements

A Regulus8100 field emission scanning electron micros-
copy (FESEM, Hitachi, Japan) was adopted to observe the
morphologies of PVA/(Gly-Mo)y hydrogels. A Nicolet iS5
Fourier transform infrared (FT-IR) spectra (Thermofisher
Scientific, USA) was used to analyze the molecular structure
of PVA/(Gly-Mo)y hydrogels. The electrochemical perfor-
mance of the supercapacitor, which was cut into a size of
6 mm X 6 mm, was tested using a CHI660E electrochemi-
cal workstation (Chenhua, China), and the current collector
was carbon paper. The specific areal capacitance (mF cm™2)
of the device was calculated using Eq. S1 (in Supporting
Information) based on the galvanostatic charge-discharge
(GCD) test. The vertical axis of the cyclic voltammetry (CV)
curves represents the current density, which is obtained by
dividing the current by the single-sided surface area of the
supercapacitor.

Results and discussion

Properties of PVA/(Gly-Mo), hydrogels

The flexibility of PVA/(Gly-Mo)y hydrogels at RT is com-
pared with that after freezing at — 20 °C. The results shown

in Fig. 1a display that PVA/(Gly-Mo); and PVA/(Gly-Mo);
organohydrogels are frozen while PVA/(Gly-Mo)g and PVA/
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Fig.1 a Flexibility of hydrogels at RT and — 20 °C; b the weight
retention curves of hydrogels at 50 °C; ¢ photographs of bending
behavior of hydrogels at high temperature; d the Rs value of hydro-

(Gly-Mo),, organohydrogels are still flexible. It also shows
that PVA/(Gly-Mo), hydrogel can be easily broken even at
room temperature, which verifies that the introduction of
Gly-Mo enhanced the flexibility of the organohydrogels.
The weight retention of PVA/(Gly-Mo)y hydrogels at 50 °C
is shown in Fig. 1b. The weight of PVA/(Gly-Mo)y hydro-
gels decreases with the increase of time, owing to the loss
of water. PVA/(Gly-Mo),, shows a rapid weight loss, and
the increase of Gly-Mo content in organohydrogels slowed
the trend. Figure 1c shows the photograph of the bending
behavior of PVA/(Gly-Mo)y hydrogels at high temperature.
At 50 °C for 24 h, the PVA/(Gly-Mo), hydrogel looks like

PVA/(Gly-Mo), PVA/(Gly-Mo), PVA/(Gly-Mo); PVA/(Gly-Mo), PVA/(Gly-Mo),,

gels at various temperature; e Nyquist plots of hydrogels at —
ionic conductivity of hydrogels at — 40 °C

40 °C; f

ice and has a slight crack after bending. The PVA/(Gly-Mo);
and PVA/(Gly-Mo); organohydrogels with less Gly-Mo con-
centration turn white. In contrast, the PVA/(Gly-Mo); and
PVA/(Gly-Mo),, organohydrogels remain transparent and
flexibility.

Equivalent series resistance (Rs) was determined by the
high-frequency intercept on the real impedance axis in a
Nyquist plot. The Rs of PVA/(Gly-Mo)y hydrogels at — 40
°C, RT, and 50 °C were compared, as shown in Fig. 1d.
Though the Rs value of PVA/(Gly-Mo), hydrogel is lower
at RT, the Rs of PVA/(Gly-Mo)g performed better at high
temperature and subfreezing temperature. From Figure S1,
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we can intuitively understand the influence of Gly-Mo on the
conductivity of organohydrogels. Though the conductivity
of PVA/(Gly-Mo); organohydrogel visibly declines at — 20
°C, the conductivity of the others has no obvious change. It
indicates that the Gly-Mo helps to maintain the high conduc-
tivity of the organohydrogels at subzero temperature.

To quantify the ionic conductivity at — 40 °C, the electro-
chemical impedance spectroscopy (EIS) test was conducted
on PVA/(Gly-Mo)y at — 40 °C in the frequency range of
10°-10~! Hz (Fig. le). The values of ionic conductivity
were calculated according to Eq. S2. Due to the anti-freezing
performance of Gly-Mo, the organohydrogels exhibit better
ionic conductivity at — 40 °C than PVA/(Gly-Mo), hydrogel
(Fig. 1f). Among them, PVA/(Gly-Mo)y displays the most
outstanding ionic conductivity at subfreezing temperature.
Nyquist plots of PVA/(Gly-Mo)g organohydrogel at different
temperature can be seen in Figure S2. The conclusions above
imply that a Gly-Mo-based organohydrogel has excellent
ionic conductivity in extremely low temperature and high
temperature, which is suitable for supercapacitors working
at a wide temperature range.

The structure of the PVA/(Gly-Mo)y hydrogel is sche-
matically illustrated in Fig. 2. PVA serves as the primary
framework to provide satisfactory mechanical properties.
Gly-Mo is embedded into the three-dimensional polymer
network and responsible for the ionic conductivity and flex-
ibility of the organohydrogels at subzero temperature. Due to
the hydrogen bond, chain entanglements are formed between
PVA and Gly-Mo. Gly can lower the freezing point, giving
the organohydrogels anti-freezing property. Additionally,
large amounts of Gly contribute to the full cross-linking of
the PVA chains, forming supramolecular synergies [21].

The prepared organohydrogels have an increasing light
transmittance compared to PVA/(Gly-Mo),, hydrogel, which
is supported by UV-visible spectra (Figure S3). To quantify

Fig.2 Schematic illustration of the hydrogels
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the effect of Gly-Mo content on the transparent properties
of the hydrogels, Fig. 3a shows the light transmittance of
PVA/(Gly-Mo)y at 400 and 550 nm. Furthermore, we can
conclude that as the Gly-Mo concentration increases, the
increase in transmittance becomes less pronounced. For
instance, the amount of Gly-Mo was increased from 0 to
3 mL, and the light transmittance of the PVA/(Gly-Mo),
increased by 25.37% at 400 nm. While the light transmit-
tance of the organohydrogel just increased by 3.14% at
400 nm as the amount of Gly-Mo further rises from 8 to
11 mL. The interaction between the hydroxyl groups in
PVA and the hydrophilic groups in Gly-Mo forms hydro-
gen bonds, improving the microcrystalline region of PVA
and thus increases the transmittance of the organohydrogels
[22]. The transparency of organohydrogels enables them to
transmit electrical signals without impeding optical signals,
thus expanding their potential in the development of smart
transparent windows for wearable electronics [23].

The interaction and structure formation between PVA and
Gly-Mo was further identified by FT-IR spectra (Fig. 3b).
The broad peaks around 3280 cm™! are stretching vibration
of —OH with slight shifting, caused by hydrogen bonding
within crosslinking network [24]. The adsorption bands
at ~ 2940 cm~! and ~ 1420 cm™! in the hydrogels corre-
sponded to the C-H alkyl stretching vibration and -CH,- of
PVA, respectively [25, 26]. The intense adsorption bands at
1149-980 cm™! belong to C-O stretching [20]. The peaks at
906 cm~! and 854 cm™! of PVA/(Gly-Mo)g organohydro-
gel are attributed to Mo-O-Mo bonds stretching vibration in
Gly-Mo [27, 28]. The subtle shift of the adsorption peak is
attributed to the complexation of Gly and Mo.

SEM images of PVA/(Gly-Mo), hydrogel and PVA/(Gly-
Mo)g organohydrogel exhibit the impact of Gly-Mo on the
microstructure of organohydrogel. As shown in Fig. 3c, d,
the PVA/(Gly-Mo)g organohydrogel presents more dense

/N PVAchain \ /™ Gly-Mo

v HO —

@® ©  Positive and negative ions

PVA crystallite
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Fig.3 a The effect of Gly-Mo concentration on the light transmittance of the organohydrogels; b FTIR spectra of PVA/(Gly-Mo),, and PVA/
(Gly-Mo)g; ¢ SEM image of PVA/(Gly-Mo),,; d SEM image of PVA/(Gly-Mo)g

pores and hierarchical microstructure than the PVA/(Gly-
Mo),, hydrogel. The Gly-Mo attributes to the high crosslink-
ing network and 3D porous microstructure. Besides, the
dense porous microstructure implies an enhanced porosity,
more ion migration path, and increased conductivity of the
organohydrogel [29]. To study the role of Gly-Mo on the
mechanical property of the hydrogel, a compression test was
conducted on PVA/(Gly-Mo), and PVA/(Gly-Mo)g hydro-
gels. As revealed in Figure S4, the PVA/(Gly-Mo)g hydro-
gel can resist higher compressive stress during deformation,
which can be attributed to its dense porous microstructure.

Electrochemical performances of the device
at subzero temperature

To study the improved anti-freezing effect of PVA/(Gly-
Mo)g organohydrogel, we fabricated a supercapacitor based
on it, and the electrochemical properties of the device were
measured at lower temperatures. From CV curves, we can
see that although the enclosed area decreased at subzero
temperatures compared with that at RT, the shape of the
curves remains similar. It implies that the supercapacitor
has electrochemical stability even at — 40 °C (Fig. 4a). The

CV curve measured at — 40 °C shows a typical rectangular
shape even at a high scan rate of 100 mV s~! (Figure S5),
demonstrating the good transfer rate of ions in the organohy-
drogel electrolyte and electrons in the electrode [30]. GCD
curves of the device at different temperature are displayed in
Fig. 4b. The specific capacitance of the device was 113.25
mF cm~2 at RT with a current density of 1 mA cm™2. When
measured at — 20 °C, the device delivered a specific capaci-
tance of 90 mF cm™2. As the temperature further dropped
to — 40 °C, the device still exhibited 63.36% retention of
specific capacitance at RT. Compared with other reported
supercapacitor with PVA-based electrolyte hydrogels, the
device with PVA/(Gly-Mo); hydrogel exhibited a relatively
higher specific capacitance retention rate at low tempera-
tures (Table S1). To evaluate the durability of the device
at low temperatures, we kept the device at — 20 °C for 24
h. According to GCD curves presented in Figure S6, the
capacitance retention rate of the device remained 88.1% even
after being stored at — 20 °C for 24 h.

The resistance behavior at various temperature revealed
by Nyquist plots was matched well with the CV and GCD
curves. As shown in Fig. 4c, the Rs increased from 8.6 to
23.8 Q when the temperature reduced from RT to — 40 °C,
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Fig.4 Electrochemical performance device containing PVA/(Gly-Mo)y electrolyte at RT and varied subzero temperature: a CV curves at 100
mV s~'; b GCD curves at 1 mA cm™2; ¢ Nyquist plots; d the cycles of reversible temperature changes

which was due to the slowing migration of electrolyte ions
as temperature decreased [31]. Nevertheless, the Rs is still
favorable even at — 40 °C, showing satisfactory low tem-
perature tolerance of the device. Figure 4d exhibits five
reversible temperature change cycles at RT, — 10 °C, — 20
°C, and — 40 °C. The specific capacitance of the superca-
pacitor with Gly-Mo organohydrogel electrolyte had almost
no change, confirming its superior stable anti-freeze per-
formance. Cycling charge-discharge tests at low tempera-
tures was also conducted, as shown in Figure S7. After 50
charge-discharge cycles at — 10 °C, the specific capacitance
retention rate of the supercapacitor was 64.2%. Even after 50
charge-discharge cycles at — 40 °C, the specific capacitance
retention rate of the device remained at 37%, indicating that
it can still work properly.

Electrochemical performances of the device
with punching, bending, and drying

Resistance to damage, flexibility and short-term high tem-
perature are crucial for wearable electronic energy storage
devices. We punched holes in the supercapacitor to evaluate
its ability to withstand sudden puncture. The electrochemical
behavior of the device with 300, 600, and 900 holes cm ™2
is exhibited in Fig. 5a—c. CV curves show that the device
remains stable even when the number of holes is as high
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as 900 holes cm™2. The GCD curves further confirm these
holes have no negative effect on the energy storage perfor-
mance of the device. In fact, with hole number of 300 holes
cm2, the specific capacitance reached 140.75 mF cm™ at 1
mA cm_2, which was nearly 124.28% retention of the ini-
tial value. This phenomenon may be attributed to the easy
penetration of conductive ions in the electrolyte into the
active substance through the holes [32]. The result shown
in Nyquist plots of devices with holes was consistent with
that of GCD curves. The devices with through-holes display
a lower Rs value than the original one. It is worth noting
that when the hole number further increased to 600 or 900
holes cm™2, the electrochemical behavior showed a slightly
declining trend.

We fabricated a device with a length of 24 mm and tested
its bending performance. The electrochemical performance
of the supercapacitor after bending can be seen in Fig. 5d—f.
After 400 times bending, the integral area of CV curve is
reduced, but the shape of the curve keeps similar. It means
the good adhesion between electrodes and electrolyte even
after hundreds of bending [4]. From GCD analysis, the spe-
cific capacitance remained 77.13 mF cm™2 (approximately
68.1% retention of the initial one) after being bent to 90° for
400 times, verifying the outstanding mechanical properties
of the device. From Nyquist plots, the bulk resistance of the
device increased with increasing bending time. The Rs value
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Fig.5 Electrochemical behavior of the device containing PVA/(Gly-Mo); electrolyte after (a—c) punching, d—f bending, and (g—i) drying at 50

°C

was 18.45 Q after 400 bending times, which was acceptable
for a flexible supercapacitor. It is worth mentioning that, as
shown in Figure S8, under low-temperature conditions, the
supercapacitor also maintains similar bending performance
as it does at room temperature.

Being able to function at high temperatures, such as in a
hot desert, is an indispensable requirement for a wearable
electronic energy storage device. As shown in Fig. 5g—i, high
temperature has an obviously negative effect on the energy
storage of the device. Though the shape of the CV curve
was kept well, the specific capacitance from GCD test was
reduced with the increased drying time. The capacitance
retention was 54.3% when the device withstands 50 °C for 4
h. The Rs value was ~ 40 € for 2 h at 50 °C but dramatically
increased to ~ 100 © when exposed to the high temperature
for 4 h. The discrepancy of the thermal expansion coeffi-
cient between electrolyte and electrode materials weakens

the interfacial interactions between them, thus affecting
the device performance [33]. These phenomena verify that
supercapacitor containing the PVA/(Gly-Mo)g organohydro-
gel electrolyte possesses outstanding freeze resistance and
can be used under temporary high-temperature condition.
Hydrogen bonds between Gly and water molecules in the
organohydrogel take place of those among water molecules,
thus preventing ice lattice formation as well as water evapo-
ration [14].

Conclusion
In summary, we have designed a supercapacitor whose elec-
trode and electrolyte both contain Gly-Mo complex. The role

of Gly-Mo in the flexibility and conductivity of organohy-
drogels was discussed. The organohydrogel PVA/(Gly-Mo),

@ Springer
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showed good flexibility and conductivity at a wide tempera-
ture range of — 40 to 50 °C. Replacing water molecules in
the hydrogels with Gly-Mo improved the supercapacitor’s
low-temperature tolerance, with 63.36% retention of spe-
cific capacitance as the temperature dropped to — 40 °C. In
addition, punching on the device had no obvious negative
influence on its electrochemical performance. After bent to
90° for 400 times, the specific capacitance retention was kept
68.1%. The results verify that the design of the supercapaci-
tor effectively improves the conductivity and low tempera-
ture tolerance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11581-023-05140-6.
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