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Solid-state supercapacitors (SSSCs) using hydrogel electrolytes have attracted great interest in recent years due to their

potential for powering flexible and wearable electronics. But the application of SSSCs has been severely restricted by self-

discharge, which is an inevitable issue that causes fast decay of cell voltage and loss of stored energy. In this work, we

demonstrate that suppressed self-discharge of SSSCs can be achieved by using polyacrylamide (PAAm) hydrogel containing

highly concentrated LiCl as electrolytes. Specifically, for cells with 14 M LiCI-PAAm hydrogel electrolyte charged to 0.8 V, a

low OCV decay rate of 6.7x10°V mF* hr' and a small leakage current of 0.003 pA mF V- are obtained. Notably, the leakage

current is much smaller than currently reported supercapacitors using hydrogel electrolytes. In addition, when the SSSCs are

employed for storing energy harvested by triboelectric nanogenerator (TENG) that has a characteristic of pulsed output

current at pA scale, much enhanced charging efficiency is attained.

Introduction

With the growing demand of power for wearable and flexible
electronic devices, solid-state energy storage devices have
attracted great interest.! Particularly, significant efforts have
been made on the development of solid-state supercapacitors
(SSSCs) with hydrogel electrolytes. Such SSSCs (or quasi-solid-
state supercapacitors) have shown improved energy densities
and additional functions such as self-healing capability, shape
memory, and stretchability.! However, much less attention has
been paid on the self-discharge of SSSCs,2* even though fast
self-discharge has seriously limited their applications in energy
storage, especially for devices used for ‘standby’ purposes.>8

Typical SSSCs with hydrogel electrolytes have exhibited fast self-
discharge, leading to rapid decay of open-circuit voltages
(OCVs) to one-half of their charging voltages mostly within a few
hours®12 or even just tens of minutes.’® To address this issue,
various approaches have been attempted in recent years.3%14
For instance, carbon nanotubes as gel electrolyte additives have
been used by Fan at al. to prevent the diffusion of redox species
and reduce the self-discharge for SCs with redox-active ionic
liquid-based gel polymer electrolytes.’* A zwitterionic gel
electrolyte based on poly(propylsulfonate dimethylammonium
propylmethacrylamide) has also been employed to suppress the
self-discharge of SCs.3 In this gel electrolyte, the diffusion- and
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activation-controlled faradaic reactions can be reduced due to
the electrostatic attractions between the charged species and
the zwitterionic groups so slow self-discharge rate has been
achieved. Wang et al. introduced sodium polystyrene sulfonate
(NaPSS) and poly (diallyl dimethylammonium chloride)
(PDDACI) into polyvinyl alcohol (PVA) matrix gels to construct
heterogeneous polymer electrolyte so self-charge caused by
charge redistribution can be reduced.* Despite the research
progress in suppressing self-discharge of SSSCs, further
improvement is still necessary to reduce the OCV decay rates
and leakage currents of SSSCs so they can be used as efficient
energy storage devices. This is especially important for SSSCs to
store energy collected by environmental energy harvesting
devices such as piezoelectric or triboelectric nanogenerators
due to the small and intermittent power delivered by these
devices.> 8

Recently, super-concentrated salt solutions have been
considered as electrolytes for supercapacitors (SCs) with
expanded electrochemical stability window and reduced self-
discharge.'>7 However, in typical gel electrolytes for SSSCs, the
concentrations of salts are in the range of 0.5 to 4 M. 412141819
Gel electrolytes with super-concentrated salt content larger
than 10 M for SCs have been rarely reported.?° This may be
because most reported gel electrolytes for SCs are based on
polymers such as polyvinyl alcohol (PVA), which are usually
prepared via dissolution followed by coagulation in the
electrolyte solutions.10-121822-25 Byt in super-concentrated salt
solutions, these polymers cannot be dissolved well. In this work,
we developed a polyacrylamide (PAAmM) hydrogel loaded with
LiCl solutions of high concentration as electrolytes for SSSCs.
PAAmM hydrogel is a superabsorbent polymer due to the
difference in the osmotic pressure caused by the ionic groups
inside and outside the hydrogel network.2® We found super-


mailto:zhong.wang@mse.gatech.edu
mailto:luxianmao@binn.cas.cn
https://doi.org/10.1039/d1ta08709f

Published on 06 December 2021. Downloaded by Georgia I nstitute of Technology on 12/7/2021 12:39:38 PM.

Journal ofsMaterials Chemistry A

concentrated LiCl solutions (up to 14 M) can be easily absorbed
by PAAm hydrogel. Using PAAm hydrogel loaded with 14 M LiCl
solution as the electrolyte of SCs, we showed that the self-
discharge of the resulting SSSCs was significantly suppressed.
Particularly, when the SSSCs were charged to 0.8 V, the OCV of
the SSSCs dropped only 0.1 V in 24 hrs, and a low leakage
current of 0.003 pA mF? V1 was also achieved. To the best of
our knowledge, both the OCV decay rate and leakage current of
our SSSCs with 14 M LiCI-PAAAm hydrogel electrolyte are
among the smallest reported for SCs with hydrogel
electrolytes.34°-121418,.21-27 \We further employed a triboelectric
nanonenergator (TENG) to charge our SSSCs with 14 M LiCl-
PAAmM hydrogel electrolyte and demonstrated much improved
charging efficiency due to the slow self-discharge.

Experimental

Chemicals and materials

Activated carbon (AC) (YEC-8A) was purchased from Yihuan
Carbon Co. Ltd. (Fuzhou, China). Lithium chloride (LiCl, 99%),
acrylamide (AAm, 99%), n,n'-methylenebisacrylamide (MBAAm,
99%), ammonium persulphate (APS, 99%), n,n,n',n'-
tetramethylethylenediamine (TMED, 99%), n-methyl
pyrrolidone (NMP, 99.9%) were purchased from Aladdin
Reagent Co., Ltd. (Shanghai, China). Poly (vinylidene fluoride)
(PVDF), acetylene black, and titanium and platinum plates were
obtained from Lige Technology Co. Ltd. (Guangzhou, China). All
chemicals and solvents were used as received without further
purification. All aqueous solutions were prepared with
ultrapure deionized water.

Preparation of hydrogel electrolytes

PAAm hydrogel electrolytes were prepared based on a method
reported previously.3® First, AAm monomer powder was
dissolved in deionized water to form a 2.17 M solution. Next,
MBAAmM (0.06 wt.%) as the cross-linker and APS (0.16 wt.%) as
the initiator were added to the AAm solution. After sonicating
and degassing, the mixture was added with TMED (0.25 wt.%)
as the accelerator. All weight percentages are relative to the
mass of AAm monomer. The solution was then poured into a
poly(methyl methacrylate) (PMMA) mold with dimensions of 2
x 2 x 0.2 cm. After 1 hr, the resulting gel was peeled off and
dried in an oven at 80 °C for 24 hrs. Before the gel was used as
electrolyte, it was soaked in an aqueous solution of 1 or 14 M
LiCl (denoted as 1 or 14 M LiCI-PAAmM) for a week.

Preparation of solid-state supercapacitors

AC, acetylene black, and PVDF binder were mixed in a mass ratio
of 80:10:10 and dispersed in NMP to form a uniform slurry,
which was then coated onto a Ti substrate (1 x 1 cm) as an
electrode and dried under vacuum at 120 °C overnight. The
mass loading of AC on each electrode was 1.5 mg cm2. To
assemble symmetric solid-state  supercapacitors, two
electrodes were respectively pressed on the two sides of a piece
of LiCI-PAAm hydrogel. Due to the strong adhesion of the
hydrogel, the electrodes can be firmly attached to the hydrogel
electrolyte.

2| J. Name., 2012, 00, 1-3
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Scanning electron microscopy (SEM) was performed on a Nova

NanoSEM 450. Cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) measurements were conducted on a
Solartron 1287A potentiostat and a CHI 660E electrochemical
workstation. Electrochemical impedance spectroscopy (EIS)
measurements were carried out on a Solartron 1260A
impedance analyzer over a frequency range from 10° to 0.1 Hz
with an AC amplitude of 10.0 mV. Cycling stability tests were
acquired by a LAND CT2001A battery test system. Self-discharge
experiments were performed using an Arbin BT2000 battery
testing system.

Before self-discharge measurement, the symmetric two-
electrode cells were cycled for 50 times from 0 V to the desired
voltages (0.8 V or 1.8 V) at a scan rate of 50 mV s™1. Then the SCs
were charged and discharged at 0.2 A g'* between 0 V and the
desired voltages for 20 cycles. Afterwards, the cells were
charged at 0.2 A g to the desired voltages and held for 2 hrs,
during which the current responses (leakage currents) were
recorded. Subsequently, the applied voltages were removed
and the open circuit voltages (OCVs) of the cells were recorded.
For the electrical output measurement of rotating triboelectric
nanogenerator (R-TENG), a Keithley 6514 electrometer was
used. The R-TENG consists of two stator and a rotator
nonstructured based on reported methods3! and it was
connected to the supercapacitors via a rectifier. Charge/self-
discharge curves of the supercapacitors were obtained on a
CHI660D electrochemical workstation when the R-TENG was
rotating at 500 rpm.

Results and discussion

Fig. 1 (a, b) SEM images of freeze-dried PAAm hydrogel. (c) Digital graphs of a piece of
PAAm hydrogel showing its good mechanical property.

SEM images of the freeze-dried PAAm hydrogel reveal a three-
dimensional (3D) porous structure with an average pore size of
1.5 um (Fig. 1a, b). This porous network structure is favorable
for electrolyte absorption and diffusion. In addition, the PAAmM
hydrogel exhibited high flexibility and stretchability. It can be
easily twisted and stretched up to 1300% in length (Fig. 1c),

This journal is © The Royal Society of Chemistry 20xx
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indicating the PAAm hydrogel is suitable for integrating with
flexible or wearable electronic devices.
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Fig. 2 (a) CV curves at a scan rate of 20 mV s, (b) GCD curves at 0.1 A g%, (c) EIS, and (d)
rate performances of SSSCs using 1 and 14 M LiCl-PAAm hydrogel electrolytes. Insets are
the corresponding GCD curves at different current densities and IR drops due to the ESRs
of the SSSCs when discharged at 2 A gt

Fig. 2 shows the electrochemical performances of the SSSCs
with PAAm hydrogel soaked with 1, 4, 8, 12 and 14 M LiCl
electrolytes. CV curves exhibited a quasi-rectangle shape,
indicating good capacitive behavior of the SSSCs (Fig. 2a). GCD
curves at 0.1 A g of the SSSCs are shown in Fig. 2b. Based on
discharging times, the specific capacitances were estimated to
be 90, 93,97,91 and 82 Fg'for1,4,8,12 and 14 M LiCI-PAAmM
hydrogel electrolytes, respectively. The highest specific
capacitance was obtained from 8 M LiCI-PAAm electrolyte,
which may be attributed to its higher ionic conductivity than the
electrolytes of other concentrations.3? Fig. 2c shows that the
Nyquist plot of each SSSC consists of an incomplete semicircle
at the high frequency region and a straight line at the low
frequency region, with an equivalent series resistance (ESR) in
the range of 5-11 ohm. Rate performances of the SSSCs using 1
and 14 M LiCI-PAAm electrolytes at various charging current
densities are shown in Fig. 2d. When the current densities were
increased from 0.1 to 2 A g, 86% and 80% of the specific
capacitances for the SSSCs with 1 and 14 M LiCI-PAAmM
electrolytes were retained. In addition, when discharged at
large currents, the SSSCs showed voltage drops (IR) caused by
ESR. For SSSCs using 1 and 14 M LiCI-PAAm electrolytes, the IRs
were 37 and 44 mV at 2 A g (Fig. 2d, inset), respectively,
consistent with the ESRs obtained from EIS measurements (Fig.
2¢, inset).

The self-discharge rates of the SCs were first evaluated based
on their open circuit voltages (OCVs). Figs. 3a and 3c show
decreased OCVs of the cells after they were charged at 0.2 A g
1t0 0.8 or 1.8 V followed by 2-hr float charging. With a charging
voltage of 0.8 V, the OCVs dropped to 0.17, 0.29, 0.47, 0.62 and
0.70 V after 24 hrs for the SSSCs using 1, 4, 8, 12 and 14 M LiCl-
PAAm hydrogel electrolytes, respectively (Fig. 3a). When the
same SSSCs were charged to 1.8 V, their OCVs dropped to 0.38,
0.54, 0.78, 1.15 and 1.40 V after 24 hrs, respectively (Fig. 3c).

This journal is © The Royal Society of Chemistry 20xx
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Clearly, the self-discharge rate of the cells decreased,with the
increase of LiCl concentration in the gel: ¥1éetroRHE8TE
leakage currents at 0.8 and 1.8 V are shown in Figs. 3b and 3d.
For the SSSCs with 1, 4, 8, 12 and 14 M LiCI-PAAm, their
respective leakage currents stabilized at 8.7, 5.0, 2.5, 1.7 and
0.15 pA at 0.8 V, while increased leakage currents of 25.5, 16.5,
10.0, 5.6 and 2.4 pA were observed for the SSSCs charged at 1.8
V. For both charging voltages, the leakage currents decreased
substantially with the increase of electrolyte concentration. The
much smaller leakage currents at higher electrolyte
concentrations further confirmed the reduced self-discharge at
higher concentrations. It is worth noting that both the OCV
decay rate (0.1 Vin 24 h) and the leakage current (0.003 pA mF?
V-1 at 0.8 V) of the SSSC using 14 M LiCI-PAAm hydrogel
electrolytes are among the smallest reported in the literature
(Table 1).3:49-12,14,1821-27 A5 shown in Fig. 3e, similar OCV decay
rates were observed for the SSSC under flat and bending states,
indicating that bending did not affect much of the self-discharge
rate. This may be attributed to the good adhesion between
PAAmM gel and the Ti substrate. It should be noted that the
charging current can affect the OCV decay rate if the SCs were
charged without float charging due to charge redistribution. As
shown in Fig. 3f, for the SSSC with 14 M LiCI-PAAm hydrogel
electrolyte charged to 1.80 V at current densities of 0.02, 0.2, 1
and 5Ag?, the OCV dropped to 1.36, 1.30, 1.18 and 0.93 V after
24 hrs, respectively. However, by adding a float charging stage
after the SSSCs were charged at constant current, the OCV
decay rates became unaffected by the charging current
densities (Fig. 3g-h). This result indicates that if the effect of
charge redistribution is eliminated, the self-discharge rate
should be consistent under different charging currents.
To further understand the self-discharge mechanism of the
SSSCs, we monitored the open circuit potentials (OCPs) of both
positive and negative electrodes of charged cells using a silver
wire as the reference electrode. As shown in Fig. 4, the
decreasing OCPs of the positive electrodes and increasing OCPs
of the negative electrodes indicate that both electrodes
suffered from self-discharge. Consistent with the overall OCV
drop, the potential drop of the positive electrodes and the
potential increase of the negative electrodes decreased with
the increase of the electrolyte concentration, indicating
suppressed self-discharge at higher salt concentration.
Self-discharge of supercapacitors can be attributed to three
pathways: 1) charge redistribution in the pores of the
electrodes; 2) internal ohmic leakage; 3) faradaic reactions with
activation- or diffusion-controlled mechanism.>33:34-3° Based on
the large leakage resistances of the SSSCs (~107 ohm) estimated
from the EIS results in Fig. 2c, the ohmic leakage should be
small. Also, since we added 2-hr float charging before OCP
decay tests, the contribution from charge redistribution can be
excluded. Therefore, the potential decays can be simulated
based on faradaic reaction mechanisms using the following
formula V= f{t):333
12 CK

Vi=V;—mt —a—bln(t+¥ )
Where V; is the electrode potential at discharge time t, V; is the
initial potential of the charged electrode, Cis the capacitance, T

J. Name., 2013, 00, 1-3 | 3
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is the absolute temperature, iy is the exchange current density,
m is a constant related to the diffusion coefficient of the redox
species, F is Faraday constant, K is an integration constant, and
a, b are constants related to the faradaic process which can be
expressed as follows:

RTC

where «is charge transfer coefficient.
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Fig. 3 (a) OCV decays and (b) leakage currents for SSSCs using LiCI-PAAm hydrogel
electrolytes with a charging voltage of 0.8 V. (c) OCV decays and (d) leakage currents for
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PAAm hydrogel electrolyte under flat and bending states)(fig.) O§Yodesays 0B 856
charged to 1.8 V at different current densities: (f) 14 M LiCI-PAAm, without float charging,

(g) 1 M LiCI-PAAm hydrogel electrolyte, with 2-h float charging, (h) 14 M LiCI-PAAm, with
2-h float charging.

Based on the above equation, the potential profiles of the
positive and negative electrodes using 1 and 14 M LiCI-PAAmM
electrolytes were fitted with parameters listed in Table 2. It is
clear that the simulated and measured potential changes match
well. For the cell with 1 LiCI-PAAm hydrogel electrolytes at a
charging voltage of 0.8 V, the potential changes for both
positive and negative electrodes fit well with activation-
controlled faradaic model (Fig. 4a). While for 14 M LiCI-PAAmM
hydrogel electrolyte at 0.8 V, the simulated potential changes
match closely with the diffusion-controlled faradaic model (Fig.
4b). For 1 M LiCI-PAAm SCs charged to a high voltage of 1.8 V,
activation-controlled faradaic process still dominated the self-
discharge of both positive and negative electrodes (Fig. 4c);
while for 14 M LiCI-PAAm hydrogel electrolyte, the self-charge
was caused by mixed activation- and diffusion-controlled
faradaic processes (Fig. 4d).

(a) 021 osv | (b) 08V
Positive electrod: N .
OSHVe S1BClIOte | M LickPAAm 08l 14 M LICHPAAM
s 0.64 < -
= 0.6 Positive electrode
w w
% 0.4 o Measured curves %F, e Measured curves
2 — Fitted cruves e 041 Fitted cruves
o @
g 02 024
= = X
< S 00 Negative electrode
0.0 Negative electrode .
0 20000 40000 0 20000 40000
Time (s) Time (s)
(c) it 18v] (d)1.2] 18V
Py I -
0.8 osiiNe CIETO0 |\ Lick-PAAm 08] Fessrecerrossendt M LCEPAAM
2 > Positive electrode
w 041 w 0.4
% o Measured curves % © Measured curves
2 0.0 —— Fitted cruves 2 0.04 Fitted cruves
® @
}= =
g -0.44
5041 % Negative electrode
> >
084 Negative electrode 0.8] eeeseeevess
0 20000 40000 0 20000 40000
Time (s) Time (s)

Fig. 4 OCP profiles and fitted curves of the positive and negative electrodes for SSSCs
with (a) 1 M LiCI-PAAm, charged to 0.8 V, (b) 14 M LiCl-PAAm, charged to 0.8 V, (c) 1 M
LiCI-PAAm, charged to 1.8 V, and (d) 14 M LiCI-PAAm, charged to 1.8 V. Dotted and solid
curves represent the measured and fitted results, respectively.
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Table 1. Comparison of self-discharge rates for supercapacitors using hydrogel electrolytes.

View Article Online
DOI: 10.1039/D1TAQ8709F

Electrode Hydrogel electrolyte OCV decay rate Leakage current Ref

AC fiber cloth PAAK/KOH 0.8-0.2V (40 h) 0.16 mA cm*? 21
AC fiber cloth PVA/GA /H,S0, 0.8-0.2V (20 h) 0.08 mA cm™ 9
PANI/CNT film PVA/H,SO, 0.850.5V (4 h) 17.2 pA 22
AC PVA/KOH/KI 0.8->0.3V (10 h) 23
CNPs/MnO, PVA/H;PO, 0.8-0.2V (24 h) 10 pA 18
GHs PVA/H,SO, 0.8-0.5V (4 h) 0.019 pA mF1v? 10

GHs PVA/H,SO, 0.8-0.4V (24 h) 0.03 pA mFty? 24
Graphene paper PVA/H;PO, 1-50.6 V(2.5h) 13 pA 11
Graphene/PANI PVA/H,SO, 0.80.53V (4 h) 0.015 pA mF-1 V1 25
Porous carbon cloth PVA/CuCl,/H,S0, 0.8-50.4V (5h) 12

0.8-0.2V (22 h)

TisC,Tx MXene PVA/H;PO, 0.6->0.4V (2h) 26
Graphene film PPDP/LICI 0.8-0.4V (12 h) 0.15 pA mFtv? 3
AC PVA/Li,SO,/CNT/ BMIMBr 1.8>1.18 V (5 h) 14

AC fabric Agar/K,S0, 1.8>1V (12 h) 27
CNTs NaPSS/PVA/H;PO, /PDDACI 0.8-0.4V (8h) 4
CNTs/PANI NaPSS/PVA/H;PO, /PDDACI 0.8-50.4 V (20 h) 4

AC PAAM/14 M LiCl 0.8-50.7V (24h) 0.003 pA mF~* v This work

1.8-51.4V (24 h)

0.022 pA mF- V1

Abbreviations: PAAK: potassium poly (acrylate); PVA: polyvinyl alcohol; GA: glutaraldehyde; PANI: polyaniline; CNTs: carbon nanotubes; CNPs/MnO,: carbon

nanoparticles/MnO, nanorods hybrid structure; GHs: Graphene hydrogels; PPDP: poly (propylsulfonate dimethylammonium pro-pylmethacrylamide); BMIMBr: 1-butyl-
3-methylimidazolium bromide; NaPSS: sodium polystyrene sulfonate; PDDACI: poly(diallyl dimethylammonium chloride).

Table 2. Fitting parameters for the OCP decays of positive and negative electrodes.

Concentration Cell voltage Electrode m (V s12) a(v) b
1M 0.8V Positive -0.42 0.058
1M 0.8V Negative -1.121 0.135
1M 1.8V Positive -0.687 0.113
1M 1.8V Negative -1.363 0.191
14 M 0.8V Positive 0.00018
14 M 0.8V Negative 0.00009
14 M 1.8V Positive 0.00065
14 M 1.8V Negative -0.341 0.046

The above simulation results suggest that the self-discharge
mechanism transited from an activation-controlled to diffusion-
controlled faradaic process when the gel electrolytes were
switched from 1 M to 14 M LiCI-PAAm. This change maybe
explained with the decreased activation-controlled faradaic
side reactions involving water in the LiCI-PAAm hydrogel
electrolytes at higher concentration.*4® With aqueous
electrolytes, side reactions such as oxidation/reduction of the
functional groups on the surface of activated carbon, corrosion
of carbon, and water oxidation/reduction in the electrolyte may
occur.* For examples,
corrosion of carbon:
H,0—ne~—»0H +H" (n=1),0  +2H' (n=2)
C+0'/OH —»C =0,C — OHgqs—CO(+H™)
C+ 2H,0 —4e~—-C0/CO,t + 4H *
evolution of O,:
2H20 —4e™ —>02 + 4H+
evolution of Hy:
(CH,) + yH,0 + ye " >yH, + yOH™ + C

This journal is © The Royal Society of Chemistry 20xx

The above reactions would consume the electrode charges and
cause self-discharge. Notably, many of the side reactions
involve free water molecules. Using highly concentrated
electrolyte, the water molecules are largely bond to Li* ions,
leading to decreased activity of water molecules.34950 As a
result, these side reactions involving free water molecules near
the electrode surface become more sluggish, leading to slow
self-discharge rate and shift of the self-discharge process from
activation-controlled to diffusion-controlled faradaic
mechanism. It should be noted that the increased electrolyte
concentration may also impede electron transfer between
redox molecules and electrode surface. Wang et al. have found
that both electron and ion transfers take place at the liquid-
solid interface when an electrode is in contact with
electrolyte.>152 For charged supercapacitors, due to the high
mobility and thermal instability of electrons, a large discharging
rate may occur at interface. In addition, electron transfer can
also be impeded because of the change of dielectric
environment around the redox species at high electrolyte
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concentrations, leading to slow self-discharge caused by
faradaic processes. >34

Self-discharge of supercapacitors has an extremely negative
effect on their capacity for energy storage, especially when they
are used for storing energy collected by environmental energy
harvesting devices that deliver small power at yW/mW scales.33
If the electric current delivered by the energy harvesting devices
is less than the leakage current of the supercapacitors, they
cannot be charged to the desired voltage for powering
electronic devices. Reduction of the leakage current for
supercapacitors should enhance energy storage efficiency and
reduce charging time. To demonstrate this point, we employed
a triboelectric nanogenerator (TENG) to charge the SSSCs with
PAAmM gel electrolytes (Fig. 5a). The TENG was a low-friction
rotating TENG (R-TENG) consisting of two stators and a rotator.
Details of the R-TENG can be found in previous report.3! When
the rotator was rotating at 500 rpm, the measured open circuit
voltage and peak short circuit current of the R-TENG were
approximately 350 V and 8.5 pA, respectively (Fig. 5b, c). Fig. 5d
shows the charging/discharging process powered by the R-
TENG and the decay of OCVs after the SSSCs were charged. It
should be noted that due to the small current delivered the R-
TENG, the capacitances of the SSSCs used for charging were 6
mF. For the SSSC with 1 M LiCI-PAAm hydrogel electrolyte, it
took nearly an hour (3545 s) to charge to 0.82 V. The SSSC
cannot be charged to a higher voltage due to increased leakage
current that became larger than the current delivered by the R-
TENG. While for the SSSC using 14 M LiCI-PAAm hydrogel
electrolyte, it only took 678 sec to charge to 0.82V, much
shorter than the SSSC with 1 M LiCI-PAAm electrolyte. Also, the
SSSC using 14 M LiCI-PAAm hydrogel electrolyte can be easily
charged to 1.8 V after 2457 s. The much faster and more
efficient charging process of the SSSC with 14 M LiCI-PAAmM
hydrogel electrolyte benefits considerably from its smaller
leakage current. When discharged at a constant current of 0.1
A g1 after TENG charging, the SSSCs with 1 and 14 M PAAmM-LIiCl
hydrogel electrolytes delivered specific capacitances of 94 and
86 F g1, respectively, close to the capacitances obtained from
their GCDs in Fig. 2b. Furthermore, after TENG charging, the
SSSC with 14 M PAAm-LICl electrolyte exhibited slower self-
discharge compared to the one with 1 M PAAm-LIiCl electrolyte
(Fig. 5d). This result demonstrates the potential of combining
our SSSCs using LiCI-PAAm hydrogel electrolyte with energy
harvesting devices to form efficient self-powered units as
energy supply for portable electronic devices.

6 | J. Name., 2012, 00, 1-3

(b)

Voltage (V)

0.0 01 02 03 0.4

© (d) 18]mne Selfdischarge
8 12] charging
= 4 < 064
< <
2 2 00 / e . J4MUCkPAAm
= s frene
5 °] >° 08 charging Self-discharge
5 Y ~
O 44 04+ ” TENG
ot charging 1M LiCI-PAAM
° 0.0 | dischaming! , .
0.0 0.1 0.2 0.3 04 0 5000 10000 15000
Time (s) Time (s)

Fig. 5 (a) Circuit for charging SSSC by R-TENG. Inset shows the circuit diagram. (b, c) Open
circuit voltage and short circuit current provided by the R-TENG. (d) TENG
charging/constant-current discharging and TENG charging/OCV decays of SSSCs with 1
and 14 M PAAm-LiCl hydrogel electrolytes.

Conclusions

In summary, we have prepared a PAAm hydrogel that can be
loaded with highly concentrated LiCl electrolytes for SSSCs.
With the increase in concentration of LiCI-PAAm electrolytes,
the self-discharge rate of the resulting SSSCs decreased
substantially. This can be attributed to the reduction of the
activity of free water molecules in highly concentrated LiCl-
PAAmM hydrogel electrolytes that led to a shift of the self-
discharge process from activation-controlled to diffusion-
controlled faradaic mechanism. For SSSCs with 14 M LiClI-PAAmM
hydrogel electrolyte, a low OCV decay rate (6.7x10° V mF? hr-
1) and a small leakage current (0.003 pA mF=1 V1) at 0.8 V were
obtained. Owing to the significantly suppressed self-discharge,
which is among the slowest reported self-discharge rates of
SSSCs using hydrogel electrolytes, our SSSCs allowed much
improved charging efficiency for storing energy collected by a
triboelectric nanogenerator, demonstrating their potential to
be combined with environmental energy harvesters as self-
powered energy units to drive flexible or wearable devices.
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