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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A controllable interfacial molecular 
level entanglement strategy is proposed 
to develop all-in-one FASCs.

• The interfacial molecular level entan-
glement is controlled by solvent induced 
re-entanglement and alcoholysis of 
matrix.

• The all-in-one FASCs achieve unprece-
dented mechanical durability exceeding 
10 000 bending and twisting cycles.
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A B S T R A C T

Currently, all-in-one flexible supercapacitors have achieved great attainment, but their intrinsic weak physical 
interfacial interactions inevitably lead to interfacial fatigue debonding during violent and long-term de-
formations. Herein, a controllable interfacial molecular level entanglement strategy (CIMES) is proposed to 
design and build such highly flexible and mechanical robust asymmetric supercapacitors (FASCs) with all-in-one 
configurations. The controllable interfacial molecular level entanglement is achieved by controlled solvent 
induced re-entanglement and alcoholysis of the electrolyte homogeneous matrix - ethylene vinyl alcohol (EVOH) 
copolymer. With the generated electrolyte-philic and electrolyte-proof matrix and all-in-one configuration of 
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anode/electrolyte/cathode used in the FASCs, low interfacial charge transfer resistances, good mechanical 
properties, and high interfacial peeling strength are achieved simultaneously. Thus, the all-in-one FASCs exhibit 
a much higher areal capacitance, superior cyclic stability, and unprecedented mechanical durability with 
capacitance retention of 100.6 % and 100.7 % exceeding 10 000 bending and twisting cycles respectively. 
Furthermore, the all-in-one FASCs are demonstrated to work under bending, twisting, and even folding condi-
tions. Those findings can provide a new platform on the design of all-in-one configurations for the FASCs with 
superior mechanical durability, highly desired for many flexible devices such as geotextiles.

1. Introduction

To meet the power supply demands of rapidly growing flexible and 
wearable electronic equipment, next-generation energy storage devices 
need to be designed with lightweight, miniaturization and flexibility 
[1–4]. Currently, flexible energy storage devices mainly include flexible 
rechargeable batteries and flexible supercapacitors (FSCs) [5–7]. Among 
them, flexible supercapacitors have generated considerable interests 
because of their competitive advantages of high security, high power 
density and long cyclic life [8,9]. In addition to the practical re-
quirements of steady-state output under various deformation condition 
such as bending, twisting and folding, even repetitive deformation 
hundreds of times, FSCs are also expected to exhibit with high durability 
to violent and long-term deformation [10,11]. Indeed, while much work 
has been done in this regard [12], the assembled FSCs exhibit poor 
mechanical durability below expectation [13,14], though high me-
chanical durability has been achieved for individual flexible anode and 
cathode. The performances gap come from that in the laminated 
configuration comprising stacked layers of flexible anode material-
s/hydrogel polymer electrolyte/flexible cathode materials (anode/e-
lectrolyte/cathode), the interfacial interactions still belongs to weak 
physical interactions among the anode/electrolyte/cathode depend on 
[15,16]. Thus, during repetitive or violent deformation, it is inevitable 
that relative displacement and delamination would happen among the 
conventional anode/electrolyte/cathode assembly approach, resulting 
in the rapid performance degradation and ultimate failure of flexible 
supercapacitors [17–19].

Addressing the challenge of FSCs using the conventional assemble 
(laminated) strategy, several strategies have been proposed to enhance 
interfacial interactions for the entire device integration [20]. This comes 
to the all-in-one strategy, where all the anode/electrolyte/cathode are 
integrated into all-in-one configuration, avoiding the conventional 
sandwich approach [21]. The main point of this direct strategy is to 
construct the cathode/electrolyte/anode into one single body [22]. One 
of such approaches is to use the separators or polymer electrolytes as the 
flexible supports and integrate the cathode and anode materials on both 
sides directly using strong bonding force or even chemical bonding [23]. 
For instance, using chemical and electrochemical deposition of Au and 
polypyrrole-graphene oxide, Wang et al. fabricated the 
separator-polypropylene film based all-in-one flexible symmetrical 
supercapacitors (FSSCs) with capacitance retention of 80 % after 
bending deformations for 5000 times [24]. Wang et al. proposed a 
surface polymerization on polymer electrolyte technique to fabricate 
all-in-one FSSCs based on crosslinked polyvinyl alcohol electrolyte, 
which delivered slight capacitance decay after bending deformations for 
1000 times [25]. An alternative strategy is to integrate cathode/elec-
trolyte/anode layer by layer though compression bonding. Du et al. 
reported a step-by-step vacuum filtration method to fabricate all-in-one 
FSSCs with small changes to the capacitance at bending deformation 
angles of 90◦ and 180◦ [26]. With these great developments, there are 
still some issues, such as limited mechanical durability caused due to 
weak physical interfacial interactions in nature [27,28]. This inevitably 
leads to the interfacial fatigue debonding of these reported all-in-one 
configurations during violent and long-term deformations. Thus, there 
are significant challenges to construct intrinsic strong interfacial in-
teractions in all-in-one configurations for flexible supercapacitors.

In this work, we propose a strategy using solvent induced control-
lable interfacial molecular level entanglement (CIMES) to achieve 
intrinsic and strong interfacial interactions in the all-in-one configura-
tion for flexible asymmetric supercapacitors (FASCs). The key lies in the 
introduction of both electrolyte-philic and electrolyte-proof ethylene 
vinyl alcohol (EVOH) copolymers as the homogeneous matrixes for 
anode/electrolyte/cathode, which are derived from the alcoholysis of 
ethylene vinyl acetate (EVA) copolymers. Under the inducement of se-
lective solvent, EVA molecular chains on the surface get re- 
entanglement at the interface of anode/electrolyte/cathode, followed 
by control of alcoholysis degree to construct all-in-one EVOH-MWNT/ 
EVOH/EVOH-MWNT, in which multiwalled carbon nanotubes (MWNT) 
serve as conductive network skeletons. After electrodeposition of elec-
troactive FeOOH and MnO2 on the opposite sides respectively, EVOH- 
MWNT-FeOOH/EVOH/EVOH-MWNT-MnO2 all-in-one FASCs are ach-
ieved with seamlessly integrated interfacial (chemical bonding) struc-
tures, leading to excellent mechanical properties and high interfacial 
peeling strength. With the unique and strong interface bonded struc-
tures, the all-in-one FASCs exhibit low interfacial resistance, high areal 
capacitance of 19.3 mF cm− 2 at 5 mV s− 1 and also superb cyclic stability 
with capacitance retention of 103.5 % after 30 000 charge-discharge 
cycles. Significantly, the interfacial resistances remain the same under 
an original flat state, bending and even twisting deformations to various 
angles. Hence the capacitance retention reaches to 100.6 % and 100.7 % 
after bending and twisting deformations for 10 000 cycles respectively, 
surpassing most of the previous reports. With this excellent perfor-
mance, it is expected that this all-in-one FASCs should have high po-
tential for various flexible devices such as wearable sensors, flexible 
displays, and artificial skins, which require stable and robust power 
supply under the seneoris bending, twisting and even folding 
deformations.

2. Experimental

2.1. Sample preparation

Preparation of EVA membrane: EVA with VA content of 70 wt% (The 
Polyolefin Company (Singapore) Pte Ltd) was dissolved in moderate 
xylol solvent (General-Reagent) and poured into a Teflon open 
container. After solvent evaporation, EVA membrane was obtained 
through mechanical disengagement.

Preparation of EVA-MWNT membrane: MWNT (Nanocyl NC7000 
series) was dispersed in moderate xylol solvent with continuous ultra-
sonic and stirring treatment for half an hour, followed by introduction of 
EVA at a mass ratio of 2:8 to MWNT through continuous stirring. Sub-
sequently, the derived EVA-MWNT solution was poured into a Teflon 
open container. After solvent evaporation, EVA-MWNT membrane was 
obtained through mechanical disengagement.

2.2. Device assembly

Assembly of EMFe/E/EMMn all-in-one FASCs: First, the as-prepared 
EVA membranes precut in the size of 20 × 10 mm and EVA-MWNT 
membranes precut in the size of 20 × 10 mm for working area with 
the addition of 5 × 8 mm for connection of external circuits were soaked 
in solvent free, poor solvent alcohol (General-Reagent) and good solvent 
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xylol to form various states of disentanglement for external EVA mo-
lecular chains. Subsequently, two EVA-MWNT membranes and one EVA 
membrane were taken out and assembled in sequence of EVA-MWNT/ 
EVA/EVA-MWNT, followed by thermocompression to facilitate molec-
ular chains reentanglement at the two boundaries of EVA-MWNT/EVA 
and solvent evaporation for fixation of entangled states. After solvent 
evaporation, an all-in-one configuration EVA-MWNT/EVA/EVA-MWNT 
was obtained. Third, the all-in-one configuration EVA-MWNT/EVA/ 
EVA-MWNT was treated with a series of NaOH concentration (1.5, 3.0 
and 4.5 M) of water/alcohol mixture in given volume ratios (10/0, 9/1 
and 8/2) at the reaction temperature of 80 ◦C for several hours (0, 1, 3, 6 
and 9 h) alcoholysis of EVA to achieve the all-in-one configuration 
EVOH-MWNT/EVOH/EVOH-MWNT with various levels interfacial 
molecular chain entanglement. Fourthly, using one side EVOH-MWNT 

of the EVOH-MWNT/EVOH/EVOH-MWNT as working electrode, a Pt 
electrode as counter electrode, and a saturated calomel electrode (SCE) 
as reference electrode, FeOOH was electrodeposited in the working area 
of EVOH-MWNT with a mixture of aqueous electrolyte containing 0.1 M 
Fe(NH4)2(SO4)2⋅6H2O (General-Reagent), 0.2 M CH3COONa (General- 
Reagent) and 0.1 M Na2SO4 (General-Reagent). The constant current 
electrodeposition was conducted on an electrochemical workstation 
(Wuhan Corrtest Instruments Corp. Ltd., CS2150H) with various current 
of 0.05, 0.1, 0.25 and 0.5 mA, and various times of 15, 30, 45 and 60 s. 
Similarly, using another side EVOH-MWNT of the EVOH-MWNT/ 
EVOH/EVOH-MWNT as working electrode, a Pt electrode as counter 
electrode, and a SCE as reference electrode, MnO2 was electrodeposited 
in the working area of EVOH-MWNT with a mixture of aqueous elec-
trolyte containing 0.1 M Mn(CH3COO)2⋅4H2O (General-Reagent) and 

Fig. 1. (a) Schematic illustration for fabrication of EMFe/E/EMMn all-in-one FASCs. Digital photos of EMFe/E/EMMn all-in-one FASCs in the (b) flat, (c) bending, 
(d) twisting states. Cross-sectional optical images of EMFe/E/EMMn all-in-one FASCs in the (e) flat, (f) bending, (g) twisting states. (h) Cross-sectional SEM images, 
(i) EDX images and (j) high-resolution SEM images of EMFe/E/EMMn all-in-one FASCs.
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0.1 M Na2SO4. The constant current electrodeposition was conducted 
with various current of 0.25, 0.5, 0.75, 1 and 1.5 mA, and various times 
of 15, 30 and 45s. The derived EMFe/E/EMMn was washed with 
distilled water, and dried in a vacuum oven at 60 ◦C. Finally, after 
saturated adsorption of 1M LiCl (General-Reagent) aqueous solution, the 
EMFe/E/EMMn was packaged in a plastic sealing bag with carbon cloth 
as external conductors to obtain the EMFe/E/EMMn all-in-one FASCs.

Assembly of EMFe/PVA/EMMn laminated FASCs: First, the precut 
EVA-MWNT membranes were alcoholyzed with 3.0M NaOH concen-
tration of water/alcohol mixture in given volume ratios of 9/1 at the 
reaction temperature of 80 ◦C for 3 h to obtain EVOH-MWNT mem-
branes. Subsequently, FeOOH was electrodeposited in the working area 
of EVOH-MWNT using the same method mentioned above with the 
optimized electrodeposition current of 0.25 mA and time of 45s to 
obtain EMFe anode. MnO2 was electrodeposited in the working area of 
another EVOH-MWNT using the same method mentioned above with 
the optimized electrodeposition current of 1.0 mA and time of 30s to 
obtain EMMn cathode. Finally, using PVA/LiCl hydrogel electrolyte 
prepared by dissolving 2.1 g LiCl and 1.0 g PVA (General-Reagent) in 10 
mL deionized water in between, the EMMn cathode and EMFe anode 
were assembled and packaged into the EMFe/PVA/EMMn laminated 
FASCs like those above.

2.3. Material characterizations

The interfacial structures were characterized by ultra-depth-of-field 
three-dimensional microscope (Keyence, VHX-7000) and SEM (Zeiss 
Sigma 500). The microstructures were observed by SEM. XRD spectra 
were obtained on an X-ray diffractometer (Rigaku Ultima IV) with Cu 
radiation. XPS spectra were recorded on an X-ray Photoelectron Spec-
troscopy (Thermo Scientific Nexsa) equipped with a mono Al Ka X-ray 
radiation. The water contact angles were measured by a DSA25 instru-
ment (KRUSS). The FTIR spectra were obtained on an infrared spec-
trometer (Thermo Scientific iN10). The mechanical properties were 
tested on a testing machine (Instron, Legend 2366) according to GBT 
528. The bending and twisting tests were conducted on a flexible elec-
tronic tester (Shanghai Mifang Electronic Technology Co. Ltd., FT2000).

2.4. Electrochemical measurements

The CV tests of EMFe anode with potential range of − 0.8-0 V and 
EMMn cathode with potential range of 0–0.8 V were carried out in a 
three-electrode system equipped with a Pt electrode as counter elec-
trode, and a saturated calomel electrode (SCE) as reference electrode, 
1M LiCl aqueous solution as electrolyte using a CS2150H electro-
chemical workstation (Wuhan Corrtest Instruments Corp. Ltd.). For the 
EMFe/E/EMMn all-in-one FASCs, the CV curves from 5 to 100 mV s− 1 

and GCD curves from 0.5 to 4 mA cm− 2 with potential range of 0–1.6 V 
were collected by a CS2150H electrochemical workstation. The EIS 
analyses in the frequency range of 1–100 kHz at a sinusoidal amplitude 
of 5 mV and zero V DC bias were conducted on a CHI660E electro-
chemical workstation (Chenhua, Shanghai) with data points of 12 per 
decade of frequency. All the electrochemical tests were performed at 
room temperature. The capacitance retention in the bending and 
twisting tests was calculated from the CV curves at 50 mV s− 1 on a 
CS2150H electrochemical workstation.

3. Results and discussion

The main priority of CIMES is to select a polymer suitable for the 
homogeneous matrix. Taking account of the ion transport requirement 
of the electrolyte matrix, the polymer should have an electrolyte-philic 
characteristic in favor of adsorption aqueous electrolyte and thus fast 
ion transport, but also has an electrolyte-proof characteristic to prevent 
the interfacial molecular chains from disentanglement and dissolution 
with long-term infiltration in the aqueous electrolyte. EVOH is a kind of 

random copolymer alcoholyzed from EVA, containing ethylene struc-
tural units, vinyl alcohol structural units and residual vinyl acetate 
structural units (Fig. S1) [29]. The hydrophobic ethylene and vinyl ac-
etate structural units shoulder the responsibility of electrolyte-proof 
characteristic, while the vinyl alcohol structural units bearing strongly 
hydrophilic hydroxyl groups show electrolyte-philic ability. Further-
more, the equilibrium between electrolyte-philic and electrolyte-proof 
characteristics of EVOH can be achieved by controlled alcoholysis of 
EVA. Thus, EVOH are alcoholyzed from EVA to serve as the homoge-
neous matrixes. The disentanglement of surface molecular chains (sur-
face disentanglement) followed by re-entanglement at the interface 
(interfacial re-entanglement) of the anode/electrolyte/cathode is of 
secondary concern for CIMES, which can be driven by swelling behavior 
using good solvent. Accordingly, the fabrication of all-in-one FASCs is 
schematically illustrated in Fig. 1a. First, the precut EVA-MWNT and 
EVA membranes (Fig. S2) prepared by a scalable solution-casting 
method soaked in the xylene to swell surface molecular chains for 
disentanglement. After removal from the xylene, two EVA-MWNT 
membranes and one EVA membrane were assembled into a 
sandwich-like EVA-MWNT/EVA/EVA-MWNT, which was 
thermal-pressed to facilitate molecular chains re-entanglement at the 
two interfaces of EVA-MWNT/EVA and solvent evaporation for fixation 
of entangled states, thereby achieving an all-in-one EVA-MWNT/E-
VA/EVA-MWNT. Subsequently, the EVA-MWNT/EVA/EVA-MWNT was 
treated with a series of NaOH concentration of water/alcohol mixture in 
given volume ratios at the reaction temperature of 80 ◦C for several 
hours alcoholysis of EVA to achieve the 
EVOH-MWNT/EVOH/EVOH-MWNT (EM/E/EM). Finally, taking 
advantage of the conductive characteristic of EM on the opposite sides, 
FeOOH and MnO2 were electrodeposited successively to fabricate 
EVOH-MWNT-FeOOH/EVOH/EVOH-MWNT-MnO2 (EMFe/E/EMMn) 
all-in-one FASCs.

As shown in Fig. 1b, the EMFe/E/EMMn all-in-one FASCs in the flat 
state are made up of three parts of anode/electrolyte/cathode, whose 
overlapping region is the working area with the size of 20 × 10 cm in 
rectangle. There is no obvious crack or delamination when the EMFe/E/ 
EMMn all-in-one FASCs are arbitrarily bent (Fig. 1c) or twisted (Fig. 1d). 
To get insight into the changes to anode/electrolyte/cathode configu-
ration at the microscopic level, ultra-depth-of field three-dimensional 
microscopes were adopted to survey the cross-section of EMFe/E/ 
EMMn all-in-one FASCs in the flat, bending and twisting states. Fig. 1e 
shows the cross-sectional optical image of EMFe/E/EMMn all-in-one 
FASCs in the flat state. It can be observed an integrated configuration 
without any gap and interface. According to the morphological differ-
ence, the two similar EMFe anode and EMMn cathode in the upper and 
under parts can be distinguished and marked from the E electrolyte in 
the middle. When the EMFe/E/EMMn all-in-one FASCs are bent and 
twisted from the flat state, the seamlessly integrated interfacial struc-
tures can be preserved perfectly (Fig. 1f–g), which can be attributed to 
intertwined EVOH networks across the interfacial structures, leading to 
the synergistic deformation and strong chemical bonding interfacial 
interactions among the EMFe/E/EMMn. For comparison, a conventional 
EMFe/PVA/EMMn laminated FASCs was assembled with a typical PVA 
electrolyte and showed two sharp interfaces in the flat state, which face 
even tougher debonding and cracking induced by bending or twisting 
deformation (Fig. S3), indicating the inconsistent deformation and weak 
van der Waals (VDW) force interfacial interaction among the EMFe/ 
PVA/EMMn. The dramatic comparisons on the interfacial structures and 
interfacial interactions confirm the formation of the seamlessly inte-
grated interfacial structures with strong chemical bonding interfacial 
interaction in the EMFe/E/EMMn all-in-one FASCs. Moreover, the cross- 
sectional scanning electron microscope (SEM) images also depict a 
similar integrated configuration without any gap and interface and 
tightly bonding between EMMn cathode and E electrolyte (Fig. 1h). The 
cross-sectional SEM-EDX images show Fe and Mn elements evenly 
distributed in the EMFe anode and EMMn cathode respectively (Fig. 1i), 
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indicating homogeneous synthesis of FeOOH and MnO2. The high- 
resolution SEM images in Fig. 1j display an intertwined nanofibers 
microstructure formed by the entanglement between long tubular 
MWNT and EVOH molecular chains. The derived conductive MWNT 
skeletons can provide numerous conductive passages for assurance of 
the electron transports with high fault-tolerant ability under deforma-
tion conditions. Furthermore, it can be observed the nanorod-shaped 
FeOOH particles with 100–200 nm in length in the EMFe anode 
(upper inset of Fig. 1j) while the irregular-shaped MnO2 particles with 
hundreds of nanometers size in the EMMn cathode (lower inset of 
Fig. 1j), whose traces are verified by the X-ray Diffraction (Fig. S5) [30,
31] and X-ray photoelectron spectroscopy (Fig. S6) [32,33] results.

To clarify the formation mechanism of the seamlessly integrated 
interfacial structures with strong chemical bonding interfacial interac-
tion, contrast samples EMFe/E/EMMn FASCs were fabricated without 
solvent and with poor solvent alcohol. It can be obviously observed the 
sharp interfaces in the EMFe/E/EMMn fabricated without solvent 
(Fig. 2a) while the inconspicuous interfaces containing transition re-
gions in the EMFe/E/EMMn fabricated with poor solvent (Fig. 2b), in 
stark contrast to the seamlessly integrated interfaces in the EMFe/E/ 
EMMn fabricated with good solvent (Fig. 2c). The interfacial enlarged 
views also witness these interfacial structures clearly (Fig. S7). To give a 
direct proof of the strong chemical bonding interfacial interaction, 

Raman spectroscopy was used. As shown in Fig. 2d, all the Raman 
spectrum collected in the EMFe anode, interfaces, electrolyte and EMMn 
cathode show a representative peak at approximately 2933 cm− 1, which 
is assigned to the asymmetric stretch of -CH2- in the backbone of EVOH. 
The differences in peak intensities can be attributed to the relatively low 
EVOH content in the interfaces, EMFe anode and EMMn cathode 
compared with the electrolyte. It means the EVOH chains across the 
integrated interfaces of all-in-one EMFe/E/EMMn. From these data it 
can be deduced the formation mechanism of the EMFe/E/EMMn all-in- 
one configurations (Fig. 2e). The surface molecular chains of the EMFe 
anode, E electrolyte and EMMn cathode are highly entangled in the 
original states. Without solvent treatment, the molecular chains fail to 
get surface disentanglement, only forming VDW forces adhered distinct 
interfaces among the EMFe/E/EMMn. With poor solvent treatment, the 
molecular chains partially achieve surface disentanglement, forming 
molecular low-level entanglement across the inconspicuous interfaces of 
the EMFe/E/EMMn. With good solvent treatment, the molecular chains 
are swollen and allowed surface disentanglement, followed by re- 
entanglement in the following assembly and thermocompression pro-
cess, thereby achieving molecular high-level entanglement across the 
seamlessly integrated interfaces of all-in-one EMFe/E/EMMn. Thus, the 
all-in-one configurations can be controlled by solvent induced interfa-
cial molecular level entanglement to achieve the EMFe/E/EMMn all-in- 

Fig. 2. Cross-sectional optical image and interfacial enlarged view of EMFe/E/EMMn FASCs fabricated (a) without solvent, (b) with poor solvent alcohol and (c) with 
good solvent xylene. (d) Raman spectrum of the EMFe/E/EMMn all-in-one FASCs. (e) Schematic illustration for formation mechanism of the EMFe/E/EMMn all-in- 
one configurations.
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one FASCs.
Moreover, the interfacial molecular level entanglement in the EMFe/ 

E/EMMn all-in-one FASCs can be also controlled by the alcoholysis 
degree of EVOH. It must be noted that the pre-swelling time, thermal- 
pressing stress and time in the fabrication have little effect on the 
EMFe/E/EMMn all-in-one FASCs (Fig. S8). To investigate the influence 
of primary contributing factor - alcoholysis solvent, various volume ratio 
of water/alcohol including 10/0, 9/1 and 8/2 were used as the solvents, 
in which the introduction of alcohol has a significant influence on the 
alcoholysis efficiency because of the hydrophobic nature of precursor 
EVA. For convenience, the alcoholysis degree is represented by the 
electrolyte absorption ratio. As shown in Fig. 3a, the electrolyte ab-
sorption ratio rises with the proportion of alcohol, and reaches a high 
level at the water/alcohol ratio of 9/1, but rises inconspicuously with 
the higher proportion of alcohol. The rise of electrolyte absorption ratio 
means the formation of more electrolyte-philic hydroxyls in the side 
chains of EVOH, resulting in fast ion transports along the EVOH mo-
lecular chains. This point can be reflected by the similar changing rules 
of areal capacitance of the EMFe/E/EMMn all-in-one FASCs with the 
increase in the proportion of alcohol. To get insight into the influence of 
alcoholysis solvent to the EMFe/E/EMMn all-in-one configurations, the 
interfacial structures were further observed. It can be observed from 
Fig. S9 that the seamlessly integrated interfaces become partial debond 
at the water/alcohol ratio of 8/2. This phenomenon can be explained by 
that the interfacial EVOH molecular chains containing high hydroxyl 
content get disentanglement with the swelling of the aqueous 

electrolyte. In short, the excessive alcoholysis degree of EVOH leads to 
the interfacial molecular low-level entanglement in the EMFe/E/EMMn 
all-in-one FASCs. Consequently, the mixed solvents of water/alcohol at 
the volume ratio of 9/1 are chosen as appropriate the alcoholysis sol-
vent. To explore the influence of the secondary contributing factor - 
NaOH concentration, various concentration of water/alcohol mixed 
solvents including 1.5, 3.0 and 4.5 M were adopted. The electrolyte 
absorption ratio and areal capacitance show the similar changing rules 
with rapid increase and then slow decrease as the NaOH concentration 
increases (Fig. 3b). The cross-sectional optical images in Fig. S10 witness 
the partial debond of the seamlessly integrated interfaces at the NaOH 
concentration of 4.5 M, which can be also explained by the excessive 
alcoholysis degree of EVOH induced interfacial molecular low-level 
entanglement. Accordingly, the NaOH concentration of 3.0 M in the 
water/alcohol mixed solvents is suitable for alcoholysis. To clarify the 
influence of the ternary contributing factor - alcoholysis time, the 
alcoholysis times were set to 0, 1, 3, 6 and 9h. The electrolyte absorption 
ratio and areal capacitance share the same fast followed by slow growing 
trends with the alcoholysis times increasing (Fig. 3c). The contact angle 
tests can reflect the electrolyte-philic characteristic from different side. 
The contact angles show an initial value of 134.9

◦

in 0h, and increase to 
90.7

◦

in 1h, 77.3
◦

in 3h, 63.7
◦

in 6h and 51.5
◦

in 9h, respectively 
(Fig. 3d). The growth laws of contact angles are consistent with those of 
the electrolyte absorption ratio and areal capacitance, indicating the 
enhanced electrolyte-philic characteristic of the EMFe/E/EMMn with 
the alcoholysis times increasing. To get insight into the internal cause of 

Fig. 3. (a) Alcoholysis solvent, (b) NaOH concentration and (c) alcoholysis times as a function of the electrolyte absorption ratio and areal capacitance of the EMFe/ 
E/EMMn all-in-one FASCs. (d) Contact angle, (e) FTIR spectra, (f) Nyquist plots, (g) tensile strength, elongation at break and elastic modulus of the EMFe/E/EMMn 
all-in-one FASCs as a function of alcoholysis times. The inset shows the stress-strain curves as a function of alcoholysis times.

Z. Jiang et al.                                                                                                                                                                                                                                    Journal of Power Sources 623 (2024) 235491 

6 



enhanced electrolyte-philic characteristic, Fourier transform infrared 
spectroscopy (FTIR) were further used to detect the changes in func-
tional groups of the EMFe/E/EMMn. For comparison, all the FTIR 
spectra of the EMFe/E/EMMn alcoholyzed from 0 to 9h were normalized 
in Fig. 3e. On the one hand, the intensities of characteristic peaks 
including the stretching vibration at 1735 cm− 1 and symmetric 
stretching vibration at 1020 cm− 1 of C=O bonds in the side chains of 
EVA gradually decrease with the alcoholysis times increasing. On the 
other hand, the characteristic peak at 3350 cm− 1 is assigned to the 
stretching vibration of − OH groups in the side chains of EVOH, whose 
intensities gradually increase with the alcoholysis times increasing [34]. 
These indicate that acetoxy groups in the side chains are gradually 
alcoholyzed into hydroxyl groups in the EVOH molecular chains, which 
accounts for the enhanced electrolyte-philic characteristic of the 
EMFe/E/EMMn. The increasing alcoholysis times contribute to the 
enhanced electrolyte-philic characteristic but have an adverse effect on 
the electrolyte-proof characteristic due to the excessive alcoholyzed 
hydroxyl groups in the side chains of EVOH. This can be confirmed by 
Fig. S11 that the seamlessly integrated interfaces of the EMFe/E/EMMn 
become partial debond when the alcoholysis time reaches to 6h. The 
response of interfacial structures to alcoholysis times can be reflected by 
the electrochemical impedance spectroscopy (EIS) analysis. The Nyquist 
plots comprise a rough semicircle in high frequencies representing 
interfacial charge transfer resistance (Rct) and a straight line in low 
frequencies concerning Warburg impedance (Zw). The Rct of the 
EMFe/E/EMMn reach 150.7, 72.2, 9.9, 50.2 and 99.38 Ω at the alco-
holysis times of 0, 1, 3, 6 and 9h (Fig. 3f), respectively. It indicates that 
the interfacial charge transfer resistances of the EMFe/E/EMMn 
decrease rapidly with the alcoholysis times increasing from 0 to 3h 
because of the enhanced electrolyte-philic characteristic of EVOH mo-
lecular chains across the interfaces, but increase rapidly with the 

alcoholysis times over 3h due to the gradual interfacial debond over 3h. 
Consequently, it is appropriate to alcoholyze for 3h. Based on the above 
results, it can be inferred that the electrolyte-philic characteristic 
derived from the alcoholyzed vinyl alcohol structural units in the EVOH 
molecular chains has access to low interfacial charge transfer resistances 
and thus good electrochemical performance, but the electrolyte-proof 
characteristic derived from the ethylene and residual vinyl acetate 
structural units prevents the interfacial molecular chains from disen-
tanglement and thus guarantees interfacial molecular high-level entan-
glement for the EMFe/E/EMMn all-in-one FASCs. Consequently, 
controllable interfacial molecular level entanglement plays a pivotal 
role in the formation of the EMFe/E/EMMn all-in-one configurations, 
which can be achieved the equilibrium between electrolyte-philic and 
electrolyte-proof characteristics.

The tensile tests are an effective way to evaluate the mechanical 
properties of flexible energy storage devices, but difficult to conduct for 
the conventional laminated flexible energy storage devices in the pre-
vious reports because of the VDW forces adhered interfaces. Remark-
ably, the mechanical properties can be tested on the EMFe/E/EMMn 
FASCs fabricated by various conditions to illustrate the relevant re-
lationships between the mechanical properties and interfacial molecular 
level entanglement (The tensile test details are shown in Fig. S12a). 
Fig. S13a depict the stress-strain curves of the EMFe/E/EMMn fabri-
cated without solvent, with poor solvent, and with good solvent, and the 
relevant parameters are compared in Fig. S13b. It can be seen that the 
elastic modulus, tensile strength and elongation at break increase with 
the adoption of solvent and especially good solvent, all of which are 
higher than those of the EMFe/PVA/EMMn laminated FASCs (Fig. S14). 
This can be attributed to the distinct interfacial molecular level entan-
glement, which is supported by the aforementioned cross-sectional op-
tical images of their interfacial structures. Fig. 3g is the stress-strain 

Fig. 4. (a) CV curves of the EMFe anode and EMMn cathode at a scan rate of 5 mV s− 1 in a three-electrode test setup. (b) CV curves of the EMFe/E/EMMn all-in-one 
FASCs collected from 5 to 100 mV s− 1. (c) Areal capacitance as a function of scan rate from 5 to 100 mV s− 1, (d) Nyquist plots, (e) capacitance retention as a function 
of cyclic number of the EMFe/E/EMMn all-in-one FASCs and EMFe/PVA/EMMn laminated FASCs. The inset shows the CV curves of the EMFe/E/EMMn all-in-one 
FASCs collected at the 1st, 5000th, 10000th, 15000th, 20000th, 25000th and 30000th cycles. (f) Comparison of the EMFe/E/EMMn all-in-one FASCs with recently 
reported FeOOH/MnO2 ASCs in cyclic stability.
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curves and comparison on the relevant parameters of the EMFe/E/ 
EMMn fabricated with the alcoholysis times from 0, 1, 3, 6–9h. With 
increase of alcoholysis times, the elastic modulus decreases slowly from 
initial 127.7 to 108.9 MPa at the alcoholysis times of 3h and then 
decrease rapidly to 73.9 MPa at the alcoholysis times of 9h, the tensile 
strength from 1.87 to 1.69 MPa and then to 0.79 MPa, and the elonga-
tion at break from 4.94 to 4.81 % and then to 2.53 %. The rapid de-
creases in mechanical properties can be explained by the excessive 
alcoholysis degree of EVOH induced interfacial molecular low-level 
entanglement with increase of alcoholysis times. Hence the elastic 
modulus, tensile strength and elongation at break reach the moderate 
values of 104 MPa, 2.2 MPa and 6.7 % respectively at the alcoholysis 
time of 3h. The interfacial molecular level entanglement of the EMFe/E/ 
EMMn fabricated by various conditions are further characterized 
through a peeling test (The peeling test details are shown in Fig. S12b). 
As shown in Fig. S15, there are similar curves among the EMFe/E/ 
EMMn all-in-one FASCs fabricated with the alcoholysis times from 0, 1, 
3, 6–9h, except for the EMFe/E/EMMn FASCs fabricated without solvent 
and with poor solvent. This can be attributed to the fact that the EMFe 
anode or EMMn cathode had fractured in advance of interfacial 
debonding and cracking (Fig. S16). Only the interfacial molecular low- 
level entanglement of EMFe/E/EMMn FASCs fabricated without sol-
vent and with poor solvent can be detected in the peeling test. Actually, 

the collected curves of the EMFe/E/EMMn all-in-one FASCs fabricated 
with various alcoholysis times in the peeling test are the stress-stain 
curves of the EMFe anode or EMMn cathode, due to the high interfa-
cial bonding strength of the EMFe/E/EMMn even higher than the me-
chanical strength of the EMFe anode or EMMn cathode. All these 
findings indicate that the optimized EMFe/E/EMMn all-in-one FASCs 
alcoholyzed by 3.0 M NaOH in the water/alcohol mixed solvents of 9/1 
by volume at 3h achieve the equilibrium between electrolyte-philic and 
electrolyte-proof characteristics, thereby exhibiting interfacial molecu-
lar high-level entanglement with low interfacial charge transfer resis-
tance, good mechanical properties, and high interfacial peeling strength.

By virtue of the all-in-one configuration, the optimized EMFe/E/ 
EMMn all-in-one FASCs exhibit good electrochemical performance. 
Fig. 4a plots the cyclic voltammetry (CV) curves the EMFe anode and 
EMMn cathode at a scan rate of 5 mV s− 1 in a three-electrode test setup. 
The stable potential ranges of the EMFe anode and EMMn cathode are 
− 0.8-0 and 0–0.8 V, which derive an operation voltage window of 0–1.6 
V for the EMFe/E/EMMn all-in-one FASCs. The areal capacitance of the 
EMFe anode and EMMn cathode is optimized by the electrochemical 
deposition current and time as shown in Figs. S17–18. After capacity 
optimization, the areal capacitance of the EMFe anode and EMMn 
cathode is matched with the proportion of approximately 1:1. Fig. 4b 
shows the CV curves collected from 5 to 100 mV s− 1of the EMFe/E/ 

Fig. 5. (a) Capacitance retention of the EMFe/E/EMMn all-in-one FASCs as a function of bending angles of 0◦, 90◦ and 180◦. The insets show the corresponding 
digital photos. (b) Nyquist plots of the EMFe/E/EMMn all-in-one FASCs at the bending angles of 0◦, 90◦ and 180◦. (c) Capacitance retention of the EMFe/E/EMMn 
all-in-one FASCs as a function of bending cycles. The inset shows the CV curves collected at the 1st, 2000th, 4000th, 6000th, 8000th and 10000th bending cycles. (d) 
Capacitance retention of the EMFe/E/EMMn all-in-one FASCs as a function of twisting angles of 0◦, 20◦, 40◦ and 60◦. The insets show the corresponding digital 
photos. (e) Nyquist plots of the EMFe/E/EMMn all-in-one FASCs at the twisting angles of 0◦, 20◦, 40◦ and 60◦. (f) Capacitance retention of the EMFe/E/EMMn all-in- 
one FASCs as a function of twisting cycles. The inset shows the CV curves collected at the 1st, 2000th, 4000th, 6000th, 8000th and 10000th twisting cycles. (g) 
Comparison of the EMFe/E/EMMn all-in-one FASCs with all-in-one FSCs reported previously in the bending and twisting durability. (h) Schematic illustration of 
mechanically durable mechanism behind the EMFe/E/EMMn all-in-one FASCs during the long-term mechanical deformation.
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EMMn all-in-one FASCs. The curves in an approximately rectangular 
shape indicate the reversible charge-discharge behavior of the EMFe/E/ 
EMMn all-in-one FASCs at various scan rate. The galvanostatic charge- 
discharge (GCD) curves collected from 0.5 to 4 mA cm− 1 have the 
symmetrical charge and discharge curves (Fig. S19), which also manifest 
the good reversibility. Fig. 4c compares the areal capacitance calculated 
from the CV curves collected from 5 to 100 mV s− 1 between the EMFe/ 
PVA/EMMn laminated FASCs and EMFe/E/EMMn all-in-one FASCs. The 
EMFe/PVA/EMMn laminated FASCs show an areal capacitance of 10.2 
mF cm− 2, while the EMFe/E/EMMn all-in-one FASCs achieve a much 
higher areal capacitance of 19.3 mF cm− 2 at a scan rate of 5 mV s− 1, 
which is considered to reach a moderate level of the previously reported 
values of FASCs. To get insight into the good electrochemical perfor-
mance, the EIS analyses were conducted. It is obvious that the EMFe/E/ 
EMMn all-in-one FASCs exhibit the Rct of 9.9 Ω, much smaller than 75.7 
Ω of the EMFe/PVA/EMMn laminated FASCs (Fig. 4d). It indicates that 
the construction of all-in-one configuration significantly reduces the 
interfacial charge transfer resistance, which has access to good elec-
trochemical performance for the EMFe/E/EMMn all-in-one FASCs. 
Furthermore, the cyclic stability of the EMFe/E/EMMn all-in-one FASCs 
and EMFe/PVA/EMMn laminated FASCs are compared in Fig. 4e. The 
EMFe/PVA/EMMn laminated FASCs exhibit a familiar cyclic stability 
with capacitance retention of 52 % after 5000 charge-discharge cycles. 
In sharp contrast, the EMFe/E/EMMn all-in-one FASCs achieve an un-
precedented cyclic stability with capacitance retention of 103 % after 
30 000 charge-discharge cycles. The slight improvement in capacitance 
during the long-term cycles can be attributed to the electrolyte infil-
tration into the internal FeOOH and MnO2 [35]. As shown in Fig. 4f, the 
unprecedented cyclic stability of the EMFe/E/EMMn all-in-one FASCs is 
superior to those of recently reported FeOOH/MnO2 ASCs, such as 
rGO-CNC-FeOOH/rGO-CNC-MnO2 ASCs (capacitance retention of 88 % 
after 3000 charge-discharge cycles) [36], CF-FeOOH-PPy/CF-MnO2 
ASCs (capacitance retention of 82 % after 5000 charge-discharge cycles) 
[32], Ni-FeOOH/Ni-MnO2 ASCs (capacitance retention of 90 % after 
1000 charge-discharge cycles) [37], FeOOH NS/MnO2 NW ASCs 
(capacitance retention of 96.5 % after 10000 charge-discharge cycles) 
[33], and FeOOH-C/MnO2 ASCs (capacitance retention of 65 % after 
5000 charge-discharge cycles) [38]. To get insight into the unprece-
dented cyclic stability, the post-mortems were conducted on the 
EMFe/E/EMMn all-in-one FASCs after 30 000 charge-discharge cycles. 
From the cross-sectional optical image in Fig. S21a, it can be seen that 
the seamlessly integrated interfacial structures are incredibly well pre-
served, meanwhile, the EMFe anode (Fig. S21b) and EMMn cathode 
(Fig. S21c) also show a similar microstructure to the initial state after 30 
000 charge-discharge cycles. The similar FTIR spectra of the electrolyte 
before and after 30 000 charge-discharge cycles confirm that no soluble 
by-products of FeOOH and MnO2 form in the electrolyte (Fig. S22). 
Based on the above analysis, the unprecedented cyclic stability of the 
EMFe/E/EMMn all-in-one FASCs can be attributed to the facts (1) the 
all-in-one configurations with interfacial molecular high-level entan-
glement play a key role to stability in the interfacial structures and 
microstructure of anode and cathode, (2) unique homogeneous matrixes 
EVOH with both equalized electrolyte-philic and electrolyte-proof 
characteristics have a good inhibition for Mn2+ and Fe dissolution 
[39,40]. The all-in-one configuration is supposed to give a fresh 
perspective on improvement of the cyclic stability for FASCs, which will 
be the next priority in our works.

Apart from good electrochemical performance under static state, the 
stable electrochemical performance under dynamic state is another 
performance indicator of great concern for flexible energy storage de-
vices. Bending deformation test is common in the previous reports 
concerning flexible energy storage devices. The EMFe/E/EMMn all-in- 
one FASCs were bent to various bending angles for CV tests from 
initial 0◦–90◦ and final 180◦, as shown in upper inset of Fig. 5a. The 
collected CV curves at a scan rate of 50 mV s− 1 under bending angles of 
90◦ and 180◦ coincide with that of initial 0◦ flat state (Fig. S23). The 

calculated capacitance retention reaches a high value of 99.5 % and 
99.3 % for bending angle of 90◦ and 180◦ respectively (Fig. 5a), which 
indicates the stable electrochemical performance under various bending 
angles. By contrast, the EMFe/PVA/EMMn laminated FASCs just main-
tain the capacitance retention of 87.7 % for bending angle of 90◦, and 
58.2 % for bending angle of 180◦. Additionally, the EMFe/E/EMMn all- 
in-one FASCs at the excessive alcoholysis time of 6h exhibit the capac-
itance retention of 92.0 % and 80.0 % for bending angle of 90◦ and 180◦

respectively (Fig. S24). To get insight into the stable electrochemical 
performance, the EIS analyses were conducted. As displayed in Fig. 5b, 
the microscopic changes in Rct with the bending angles increasing reveal 
the stable interfacial structures among EMFe/E/EMMn, in accordance 
with the aforementioned cross-sectional observation on the EMFe/E/ 
EMMn all-in-one FASCs under bending condition. However, there are 
noticeable increases in Rct with the bending angles increasing for the 
EMFe/E/EMMn all-in-one FASCs at the excessive alcoholysis time of 6h 
(Fig. S25), much more serious for the EMFe/PVA/EMMn laminated 
FASCs (Fig. S26). The sharp contrasts demonstrate the seamlessly inte-
grated interfacial structures with interfacial molecular high-level 
entanglement in the EMFe/E/EMMn all-in-one FASCs account for the 
stable electrochemical performance under various bending angles. 
Further bending fatigue tests were conducted by investigating the 
response of capacitance retention to bending cycles. In one bending 
cycle, the EMFe/E/EMMn all-in-one FASCs were bent from bending 
angles of 0◦–180◦ and released to initial 0◦, followed by CV tests to re-
cord the capacitance retention. It is highlight that the EMFe/E/EMMn 
all-in-one FASCs achieve an unprecedented capacitance retention of 
100.6 % over 10 000 bending cycles (Fig. 5c), indicating the outstanding 
fatigue resistance to long-term bending deformation. The slight 
improvement in capacitance is probably assignable to the electrolyte 
infiltration into the internal FeOOH and MnO2 induced by the repetitive 
bending deformation and compression. To put into perspective the un-
precedented bending deformation durability, the post-mortems were 
conducted on the EMFe/E/EMMn all-in-one FASCs after 10 000 bending 
cycles. From the cross-sectional optical image in Fig. S27, it can be 
observed the seamlessly integrated interfacial structures the same as the 
initial one. This confirms the outstanding fatigue resistance of the all-in- 
one configuration to long-term bending deformation. Compared to 
bending deformation, twisting deformation tends to cause the incon-
sistent deformation and thus the interfacial debonding among the 
anode/electrolyte/cathode, leading to disappearance from the previous 
reports. The twisting deformation tests are of great challenge, especially 
twisting fatigue tests. Significantly, the EMFe/E/EMMn all-in-one FASCs 
are twisted from an initial angle 0◦–20◦, 40◦, and 60◦ without any 
macroscopic crack and delamination (upper inset of Fig. 5d). The 
collected CV curves overlap each other (Fig. S28). The capacitance 
retention is calculated to be 98.8 % for twisting angles of 20◦, 99.5 % for 
40◦, and 100.0 % for 60◦ (Fig. 5d), indicating the excellent stability in 
electrochemical performance under various twisting angles. To high-
light the excellent stability in electrochemical performance of the EMFe/ 
E/EMMn all-in-one FASCs, the twisting deformation tests were also 
conducted on the EMFe/PVA/EMMn laminated FASCs and the EMFe/E/ 
EMMn all-in-one FASCs at the excessive alcoholysis time of 6h. How-
ever, the EMFe/PVA/EMMn laminated FASCs exhibit poor capacitance 
retention of 84.2 %, 80.7 % and 54.4 %, and the EMFe/E/EMMn all-in- 
one FASCs at the excessive alcoholysis time of 6h show moderate 
capacitance retention of 94.5 %, 91.4 % and 90.5 % for the twisting 
angles of 20◦, 40◦, and 60◦ respectively (Fig. S29). The great contrast in 
capacitance retention can find hard evidence from the EIS analyses. 
Fig. 5e witnesses the microscopic changes in Rct with the twisting angles 
increasing, which indicate the stable interfacial structures, in accor-
dance with the aforementioned cross-sectional observation on the 
EMFe/E/EMMn all-in-one FASCs under twisting condition. However, 
both the EMFe/E/EMMn all-in-one FASCs at the excessive alcoholysis 
time of 6h (Fig. S30) and the EMFe/PVA/EMMn laminated FASCs 
(Fig. S31) experience such a rapid increase in Rct with the twisting 
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angles increasing, which depend on the deformation degrees of inter-
facial structures associated with the interfacial molecular level entan-
glement. Hence the seamlessly integrated interfacial structures with 
interfacial molecular high-level entanglement guarantee stable electro-
chemical performance under various twisting angles for the EMFe/E/ 
EMMn all-in-one FASCs. Furthermore, twisting fatigue tests were con-
ducted on the EMFe/E/EMMn all-in-one FASCs by alternating twisting 
from the twisting angles of 0◦–60◦ and back to 0◦, in cooperation with 
the CV tests for calculation of capacitance retention. It is highlight that 
the EMFe/E/EMMn all-in-one FASCs reach an unprecedented level of 
twisting deformation durability with capacitance retention of 100.7 % 
exceeding 10 000 twisting cycles (Fig. 5f), indicating the outstanding 
fatigue resistance to long-term twisting deformation. The post-mortems 
on the EMFe/E/EMMn all-in-one FASCs after 10 000 twisting cycles 
confirm that the seamlessly integrated interfacial structures are 
incredibly well preserved (Fig. S32), which can explain the outstanding 
twisting deformation durability. Fig. 5g compares the bending and 
twisting deformation durability between the EMFe/E/EMMn all-in-one 
FASCs and previously reported all-in-one FSCs. It is noteworthy that 
the unprecedented bending and twisting durability of the EMFe/E/ 
EMMn all-in-one FASCs is superior to those of the reported all-in-one 
FSCs, such as PANI/β-cyclodextrin-cellulose/PANI FSCs (capacitance 
retention of 95 % after 100 bending cycles) [41], 
MoN-CNT/PVA-AA/MoN-CNT FSCs (capacitance retention of 95 % after 
200 bending cycles) [42], PPy/PAM-MMT/PPy FSCs (capacitance 
retention of 93 % after 500 twisting cycles) [43], PPy-rGO/GO/PPy-rGO 
FSCs (capacitance retention of 93 % and 92 % after 1000 bending and 
twisting cycles) [44], MB-rGO/GO/MB-rGO FSCs (capacitance retention 
of 91 % after 1200 bending cycles) [45], and 
PEDOT-AgNFs/PVA/PEDOT-AgNFs FSCs (capacitance retention of 98 % 
after 5000 twisting cycles) [46].

Based on the above results, the mechanism diagram of the unprec-
edented bending and twisting durability is depicted in Fig. 5h. The 
conventional laminated FASCs tend to exhibit poor deformation dura-
bility, which originates from the different deformation of the anode/ 
electrolyte/cathode with distinct mechanical properties and VDW force 
adhered interfaces. During deformation, external forces first cause 
inconsistent deformation among the three of anode/electrolyte/ 

cathode, resulting in local stress concentration in the interfaces which 
are the weakest part of laminated configuration. During repetitive 
deformation, it will inevitably lead to partial interfacial debonding, and 
even relative displacement and delamination among the anode/elec-
trolyte/cathode. In our design of all-in-one configuration, EVOH is 
introduced as the homogeneous matrixes, whose molecular chains are 
induced to form interfacial molecular high-level entanglement across 
the interfacial structures. During bending or twisting deformation, 
despite different deformation among the EMFe/E/EMMn, the molecular 
high-level entanglement distributed in the EMFe/E/EMMn and across 
the interfacial structures plays a key role in optimal stress dispersion and 
synergistic deformation in the all-in-one configuration. Moreover, the 
intrinsic flexibility of EVOH molecular chains effectively endures the 
large deformation and prevent damage to the all-in-one configuration. 
Meanwhile, the EVOH entanglement points and MWNT skeletons work 
as numerous anchor points to avoid EVOH molecular chains from slip-
page under large deformation. Additionally, the dense MWNT skeletons 
provide numerous conductive passages for reliable electron transports, 
while the electrolyte-philic EVOH molecular chain networks adsorb 
aqueous electrolyte for construction of ion transport channels. In brief, 
the robust all-in-one configurations with interfacial molecular high-level 
entanglements facilitate optimal stress dispersion and synergistic 
deformation among the EMFe/E/EMMn to suppress relative displace-
ment and interfacial debonding, thereby achieving the unprecedented 
bending and twisting durability for the EMFe/E/EMMn all-in-one 
FASCs.

The EMFe/E/EMMn all-in-one FASCs with good electrochemical 
performance and unprecedented mechanical durability hold great po-
tential application in the flexible and wearable electronic equipment. To 
show the application in the field of large current or high potential, two 
EMFe/E/EMMn all-in-one FASCs were connected in parallel or in series. 
As shown in Fig. 6a, the two EMFe/E/EMMn all-in-one FASCs in parallel 
have the enclosed areas of CV curves approximately twice as large as the 
single one. The electrochemical window of two EMFe/E/EMMn all-in- 
one FASCs in series is expanded from 1.6 V to 3.2 V. It indicates that 
the EMFe/E/EMMn all-in-one FASCs have a promising prospect in large 
current and high potential application scenarios. Once fully charged, the 
two EMFe/E/EMMn all-in-one FASCs in series can light up a red LED 

Fig. 6. (a) CV curves of the EMFe/E/EMMn all-in-one FASCs in single, parallel and series. Digital photos of a red LED board lightened by the EMFe/E/EMMn all-in- 
one FASCs under (b) flat, (c) bending, (d) twisting, and (e) folding conditions. (f) Digital photo of an electronic watch powered by the EMFe/E/EMMn all-in-one 
FASCs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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under flat condition (Fig. 6b), and keep brightness under bending 
(Fig. 6c), twisting (Fig. 6d), and even folding (Fig. 6e) conditions. And 
the two EMFe/E/EMMn all-in-one FASCs in series can work as a watch 
strap to power an electronic watch, demonstrating the great potential 
application in the flexible and wearable electronic equipment.

4. Conclusion

In summary, the EMFe/E/EMMn all-in-one FASCs are constructed by 
the CIMES, which is achieved by controlled solvent induced re- 
entanglement and alcoholysis of homogeneous matrixes EVOH. The 
optimized EMFe/E/EMMn all-in-one FASCs with seamlessly integrated 
interfacial structures exhibit low interfacial charge transfer resistances, 
good mechanical properties, and high interfacial peeling strength. In 
comparison with the conventional EMFe/PVA/EMMn laminated FASCs, 
the EMFe/E/EMMn all-in-one FASCs show a much higher areal capaci-
tance of 19.3 mF cm− 2 and superior cyclic stability with capacitance 
retention 103 % after 30 000 charge-discharge cycles. It is highlight that 
the EMFe/E/EMMn all-in-one FASCs achieve unprecedented mechanical 
durability with capacitance retention of 100.6 % and 100.7 % exceeding 
10 000 bending and twisting cycles respectively, superior to those of all- 
in-one FASCs reported previously. Furthermore, the EMFe/E/EMMn all- 
in-one FASCs are demonstrated to light up a red LED under flat condi-
tion, and keep brightness under bending, twisting, and even folding 
conditions. From the molecular chain perspective, this work is supposed 
to provide an advanced design concept of controllable interfacial mo-
lecular level entanglement to construct robust all-in-one configurations 
with chemical bonding interfacial structures for mechanically durable 
FASCs toward flexible and wearable electronic equipment applications.

CRediT authorship contribution statement

Zeyu Jiang: Methodology, Investigation, Data curation. Ping 
Zhang: Methodology, Investigation. Qiying Zhang: Methodology, 
Investigation. Zhiyin Lin: Investigation. Zhaoye Wu: Investigation. Xi 
Hu: Investigation. Weiqian Feng: Investigation. Liyong Tian: Meth-
odology, Investigation. Yancheng Wu: Methodology, Investigation. 
Yangfan Zhang: Writing – review & editing, Writing – original draft, 
Visualization, Supervision, Funding acquisition, Conceptualization. 
Ningbo Yi: Writing – review & editing, Funding acquisition, Formal 
analysis, Data curation. Yongsheng Chen: Writing – review & editing, 
Project administration, Funding acquisition, Data curation. Nan Zhang: 
Methodology.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This work is financially supported by the Guangdong Basic and 
Applied Basic Research Foundation (No. 2023A1515010999), National 
Natural Science Foundations of China (No. 52003200), Jiangmen Key 
Project of Research for Basic and Basic Application (No. 
2021030102800007443), Science Foundation of High-Level Talents of 
Wuyi University (No. 2019AL019, 2020AL021, BSQD2014), Wuyi Uni-
versity–Hong Kong/Macau Joint Research Funds (No. 2021WGALH05).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jpowsour.2024.235491.

References

[1] S. Wang, J. Xu, W. Wang, G.-J.N. Wang, R. Rastak, F. Molina-Lopez, J.W. Chung, 
S. Niu, V.R. Feig, J. Lopez, T. Lei, S.-K. Kwon, Y. Kim, A.M. Foudeh, A. Ehrlich, 
A. Gasperini, Y. Yun, B. Murmann, J.B.H. Tok, Z. Bao, Skin electronics from 
scalable fabrication of an intrinsically stretchable transistor array, Nature 555 
(2018) 83–88, https://doi.org/10.1038/nature25494.

[2] K. Kwon, J.U. Kim, Y. Deng, S.R. Krishnan, J. Choi, H. Jang, K. Lee, C.-J. Su, I. Yoo, 
Y. Wu, L. Lipschultz, J.-H. Kim, T.S. Chung, D. Wu, Y. Park, T.-i. Kim, R. Ghaffari, 
S. Lee, Y. Huang, J.A. Rogers, An on-skin platform for wireless monitoring of flow 
rate, cumulative loss and temperature of sweat in real time, Nat. Electron. 4 (2021) 
302–312, https://doi.org/10.1038/s41928-021-00556-2.

[3] Z. Ma, Q. Huang, Q. Xu, Q. Zhuang, X. Zhao, Y. Yang, H. Qiu, Z. Yang, C. Wang, 
Y. Chai, Z. Zheng, Permeable superelastic liquid-metal fibre mat enables 
biocompatible and monolithic stretchable electronics, Nat. Mater. 20 (2021) 
859–868, https://doi.org/10.1038/s41563-020-00902-3.

[4] E. Pomerantseva, F. Bonaccorso, X. Feng, Y. Cui, Y. Gogotsi, Energy storage: the 
future enabled by nanomaterials, Science 366 (2019) eaan8285, https://doi.org/ 
10.1126/science.aan8285.

[5] H. Li, Z. Tang, Z. Liu, C. Zhi, Evaluating flexibility and wearability of flexible 
energy storage devices, Joule 3 (2019) 613–619, https://doi.org/10.1016/j. 
joule.2019.01.013.

[6] X. Wang, X. Lu, B. Liu, D. Chen, Y. Tong, G. Shen, Flexible energy-storage devices: 
design consideration and recent progress, Adv. Mater. 26 (2014) 4763–4782, 
https://doi.org/10.1002/adma.201400910.

[7] X. Gong, Q. Yang, C. Zhi, P.S. Lee, Stretchable energy storage devices: from 
materials and structural design to device assembly, Adv. Energy Mater. 11 (2021) 
2003308, https://doi.org/10.1002/aenm.202003308.

[8] P. Xie, W. Yuan, X. Liu, Y. Peng, Y. Yin, Y. Li, Z. Wu, Advanced carbon 
nanomaterials for state-of-the-art flexible supercapacitors, Energy Storage Mater. 
36 (2021) 56–76, https://doi.org/10.1016/j.ensm.2020.12.011.

[9] X. Zhang, C. Jiang, J. Liang, W. Wu, Electrode materials and device architecture 
strategies for flexible supercapacitors in wearable energy storage, J. Mater. Chem. 
A 9 (2021) 8099–8128, https://doi.org/10.1039/D0TA12299H.

[10] Z. Zhao, K. Xia, Y. Hou, Q. Zhang, Z. Ye, J. Lu, Designing flexible, smart and self- 
sustainable supercapacitors for portable/wearable electronics: from conductive 
polymers, Chem. Soc. Rev. 50 (2021) 12702–12743, https://doi.org/10.1039/ 
D1CS00800E.

[11] M.R. Benzigar, V.D.B.C. Dasireddy, X. Guan, T. Wu, G. Liu, Advances on emerging 
materials for flexible supercapacitors: current trends and beyond, Adv. Funct. 
Mater. 30 (2020) 2002993, https://doi.org/10.1002/adfm.202002993.

[12] L. Dong, C. Xu, Y. Li, Z.-H. Huang, F. Kang, Q.-H. Yang, X. Zhao, Flexible electrodes 
and supercapacitors for wearable energy storage: a review by category, J. Mater. 
Chem. A 4 (2016) 4659–4685, https://doi.org/10.1039/C5TA10582J.

[13] W. Chen, D. Zhang, K. Yang, M. Luo, P. Yang, X. Zhou, Mxene (Ti3C2Tx)/cellulose 
nanofiber/porous carbon film as free-standing electrode for ultrathin and flexible 
supercapacitors, Chem. Eng. J. 413 (2021) 127524, https://doi.org/10.1016/j. 
cej.2020.127524.

[14] X. Mao, Y. Zou, F. Xu, L. Sun, H. Chu, H. Zhang, J. Zhang, C. Xiang, Three- 
dimensional self-supporting Ti3C2 with MoS2 and Cu2O nanocrystals for high- 
performance flexible supercapacitors, ACS Appl. Mater. Interfaces 13 (2021) 
22664–22675, https://doi.org/10.1021/acsami.1c05231.

[15] Y. Guo, K. Zheng, P. Wan, A flexible stretchable hydrogel electrolyte for healable 
all-in-one ConFig.d supercapacitors, Small 14 (2018) 1704497, https://doi.org/ 
10.1002/smll.201704497.

[16] M. Hu, J. Wang, J. Liu, J. Zhang, X. Ma, Y. Huang, An intrinsically compressible 
and stretchable all-in-one conFig.d supercapacitor, Chem. Commun. 54 (2018) 
6200–6203, https://doi.org/10.1039/C8CC03375G.

[17] Q. Liu, L. Zang, X. Qiao, J. Qiu, X. Wang, L. Hu, J. Yang, C. Yang, Compressible all- 
in-one supercapacitor with adjustable output voltage based on polypyrrole-coated 
melamine foam, Adv. Electron. Mater. 5 (2019) 1900724, https://doi.org/ 
10.1002/aelm.201900724.

[18] H.H. Hsu, Y. Liu, Y. Wang, B. Li, G. Luo, M. Xing, W. Zhong, Mussel-inspired 
autonomously self-healable all-in-one supercapacitor with biocompatible hydrogel, 
ACS Sustainable Chem. Eng. 8 (2020) 6935–6948, https://doi.org/10.1021/ 
acssuschemeng.9b07250.

[19] H. Huang, C. Lin, Z. Hua, J. Guo, D. Lu, Y. Ni, S. Cao, X. Ma, Fabrication of 
ultrathin, flexible, all-in-one paper supercapacitor with high electrochemical 
performance based on multi-layer forming in paper sheet formation technology, 
Chem. Eng. J. 448 (2022) 137589, https://doi.org/10.1016/j.cej.2022.137589.

[20] R. Guo, X. Han, P. Yuan, X. He, Q. Li, J. Sun, L. Dang, Z. Liu, Y. Zhang, Z. Lei, 
Filling Ti3C2Tx nanosheets into melamine foam towards a highly compressible all- 
in-one supercapacitor, Nano Res. 15 (2022) 3254–3263, https://doi.org/10.1007/ 
s12274-021-3970-2.

[21] Y.-L. Huang, S.-W. Bian, Vacuum-filtration assisted layer-by-layer strategy to 
design MXene/carbon nanotube@MnO2 all-in-one supercapacitors, J. Mater. 
Chem. A 9 (2021) 21347–21356, https://doi.org/10.1039/D1TA06089A.

Z. Jiang et al.                                                                                                                                                                                                                                    Journal of Power Sources 623 (2024) 235491 

11 

https://doi.org/10.1016/j.jpowsour.2024.235491
https://doi.org/10.1016/j.jpowsour.2024.235491
https://doi.org/10.1038/nature25494
https://doi.org/10.1038/s41928-021-00556-2
https://doi.org/10.1038/s41563-020-00902-3
https://doi.org/10.1126/science.aan8285
https://doi.org/10.1126/science.aan8285
https://doi.org/10.1016/j.joule.2019.01.013
https://doi.org/10.1016/j.joule.2019.01.013
https://doi.org/10.1002/adma.201400910
https://doi.org/10.1002/aenm.202003308
https://doi.org/10.1016/j.ensm.2020.12.011
https://doi.org/10.1039/D0TA12299H
https://doi.org/10.1039/D1CS00800E
https://doi.org/10.1039/D1CS00800E
https://doi.org/10.1002/adfm.202002993
https://doi.org/10.1039/C5TA10582J
https://doi.org/10.1016/j.cej.2020.127524
https://doi.org/10.1016/j.cej.2020.127524
https://doi.org/10.1021/acsami.1c05231
https://doi.org/10.1002/smll.201704497
https://doi.org/10.1002/smll.201704497
https://doi.org/10.1039/C8CC03375G
https://doi.org/10.1002/aelm.201900724
https://doi.org/10.1002/aelm.201900724
https://doi.org/10.1021/acssuschemeng.9b07250
https://doi.org/10.1021/acssuschemeng.9b07250
https://doi.org/10.1016/j.cej.2022.137589
https://doi.org/10.1007/s12274-021-3970-2
https://doi.org/10.1007/s12274-021-3970-2
https://doi.org/10.1039/D1TA06089A


[22] T. Guo, D. Zhou, W. Liu, J. Su, Recent advances in all-in-one flexible 
supercapacitors, Sci. China Mater. 64 (2021) 27–45, https://doi.org/10.1007/ 
s40843-020-1417-8.

[23] Y. Wang, C. Lv, G. Ji, R. Hu, J. Zheng, An all-in-one supercapacitor with high 
stretchability via a facile strategy, J. Mater. Chem. A 8 (2020) 8255–8261, https:// 
doi.org/10.1039/D0TA00757A.

[24] N. Wang, G. Han, Y. Xiao, Y. Li, H. Song, Y. Zhang, Polypyrrole/graphene oxide 
deposited on two metalized surfaces of porous polypropylene films as all-in-one 
flexible supercapacitors, Electrochim. Acta 270 (2018) 490–500, https://doi.org/ 
10.1016/j.electacta.2018.03.090.

[25] K. Wang, X. Zhang, C. Li, X. Sun, Q. Meng, Y. Ma, Z. Wei, Chemically crosslinked 
hydrogel film leads to integrated flexible supercapacitors with superior 
performance, Adv. Mater. 27 (2015) 7451–7457, https://doi.org/10.1002/ 
adma.201503543.

[26] J. Du, C. Zheng, W. Lv, Y. Deng, Z. Pan, F. Kang, Q.-H. Yang, A three-layer all-in- 
one flexible graphene film used as an integrated supercapacitor, Adv. Mater. 
Interfac. 4 (2017) 1700004, https://doi.org/10.1002/admi.201700004.

[27] J. Yang, X. Yu, X. Sun, Q. Kang, L. Zhu, G. Qin, A. Zhou, G. Sun, Q. Chen, 
Polyaniline-decorated supramolecular hydrogel with tough, fatigue-resistant, and 
self-healable performances for all-in-one flexible supercapacitors, ACS Appl. Mater. 
Interfaces 12 (2020) 9736–9745, https://doi.org/10.1021/acsami.9b20573.

[28] J. Zeng, L. Dong, W. Sha, L. Wei, X. Guo, Highly stretchable, compressible and 
arbitrarily deformable all-hydrogel soft supercapacitors, Chem. Eng. J. 383 (2020) 
123098, https://doi.org/10.1016/j.cej.2019.123098.

[29] E. Marie, Y. Chevalier, N. Issartel, F. Eydoux, L. Germanaud, P. Flores, The 
controlled solvolysis of Ethylene− Vinyl acetate copolymers, Macromolecules 34 
(2001) 5838–5847, https://doi.org/10.1021/ma0102666.

[30] D. Vernekar, D. Jagadeesan, Tunable acid–base bifunctional catalytic activity of 
FeOOH in an orthogonal tandem reaction, Catal. Sci. Technol. 5 (2015) 
4029–4038, https://doi.org/10.1039/C5CY00361J.

[31] J. Yang, S. Ren, B. Su, Y. zhou, G. Hu, L. Jiang, J. Cao, W. Liu, L. Yao, M. Kong, 
J. Yang, Q. Liu, Insight into N2O formation over different crystal phases of MnO2 
during low-temperature NH3–SCR of NO, Catal. Lett. 151 (2021) 2964–2971, 
https://doi.org/10.1007/s10562-021-03541-8.

[32] X. Gong, S. Li, P.S. Lee, A fiber asymmetric supercapacitor based on FeOOH/PPy on 
carbon fibers as an anode electrode with high volumetric energy density for 
wearable applications, Nanoscale 9 (2017) 10794–10801, https://doi.org/ 
10.1039/C7NR02896B.

[33] T. Gao, Z. Zhou, J. Yu, D. Cao, G. Wang, B. Ding, Y. Li, All-in-One compact 
architecture toward wearable all-solid-state, high-volumetric-energy-density 
supercapacitors, ACS Appl. Mater. Interfaces 10 (2018) 23834–23841, https://doi. 
org/10.1021/acsami.8b06143.

[34] X. Xue, L. Tian, S. Hong, S. Zhang, Y. Wu, Effects of composition and sequence of 
ethylene-vinyl acetate copolymers on their alcoholysis and oxygen barrier property 
of alcoholyzed copolymers, Ind. Eng. Chem. Res. 58 (2019) 4125–4136, https:// 
doi.org/10.1021/acs.iecr.8b06260.

[35] Y. Huang, T. Shi, S. Jiang, S. Cheng, X. Tao, Y. Zhong, G. Liao, Z. Tang, Enhanced 
cycling stability of NiCo2S4@NiO core-shell nanowire arrays for all-solid-state 
asymmetric supercapacitors, Sci. Rep. 6 (2016) 38620, https://doi.org/10.1038/ 
srep38620.

[36] S.W. Bokhari, A.H. Siddique, H. Singh, M.D. Hayat, S. Zhu, W. Gao, A high- 
performance graphene based asymmetric supercapacitor, Int. J. Mod. Phys. B 34 
(2019) 2040007, https://doi.org/10.1142/S021797922040007X.

[37] X. Sun, X. Liu, X. Xing, F. Li, Electrodeposited with FeOOH and MnO2 on laser- 
induced graphene for multi-assembly supercapacitors, J. Alloys Compd. 893 
(2022) 162230, https://doi.org/10.1016/j.jallcom.2021.162230.

[38] S. Dang, Y. Wen, T. Qin, J. Hao, H. Li, J. Huang, D. Yan, G. Cao, S. Peng, 
Nanostructured manganese dioxide with adjustable Mn3+/Mn4+ ratio for flexible 
high-energy quasi-solid supercapacitors, Chem. Eng. J. 396 (2020) 125342, 
https://doi.org/10.1016/j.cej.2020.125342.

[39] Z. Sun, Y. Zhang, Y. Liu, J. Fu, S. Cheng, P. Cui, E. Xie, New insight on the 
mechanism of electrochemical cycling effects in MnO2-based aqueous 
supercapacitor, J. Power Sources 436 (2019) 226795.

[40] J. Liu, M. Zheng, X. Shi, H. Zeng, H. Xia, Amorphous FeOOH quantum dots 
assembled mesoporous film anchored on graphene nanosheets with superior 
electrochemical performance for supercapacitors, Adv. Funct. Mater. 26 (2016) 
919–930, https://doi.org/10.1002/adfm.201504019.

[41] Q. Gong, Y. Li, X. Liu, Z. Xia, Y. Yang, A facile preparation of polyaniline/cellulose 
hydrogels for all-in-one flexible supercapacitor with remarkable enhanced 
performance, Carbohydr. Polym. 245 (2020) 116611, https://doi.org/10.1016/j. 
carbpol.2020.116611.

[42] S. Seyedin, S. Uzun, A. Levitt, B. Anasori, G. Dion, Y. Gogotsi, J.M. Razal, MXene 
composite and coaxial fibers with high stretchability and conductivity for wearable 
strain sensing textiles, Adv. Funct. Mater. 30 (2020) 1910504, https://doi.org/ 
10.1002/adfm.201910504.

[43] Q. Hu, S. Cui, K. Sun, X. Shi, M. Zhang, H. Peng, G. Ma, An antifreezing and 
thermally stable hydrogel electrolyte for high-performance all-in-one flexible 
supercapacitor, J. Energy Storage 50 (2022) 104231, https://doi.org/10.1016/j. 
est.2022.104231.

[44] F. Dang, W. Zhao, W. Tong, P. Yang, D. Wang, Y. Liu, Extrinsic design of high- 
performance programmable supercapacitor with large specific areal capacitance, 
Electrochim. Acta 463 (2023) 142845, https://doi.org/10.1016/j. 
electacta.2023.142845.

[45] L. Bo, L. Hu, N. Wang, M. Sun, X. Ren, Z. Li, X. Yao, C. Jia, Methylene blue 
modified graphene film as high-performance electrode towards all-in-one flexible 
supercapacitors with “all-graphene” structure, J. Power Sources 591 (2024) 
233839, https://doi.org/10.1016/j.jpowsour.2023.233839.

[46] S.B. Singh, T. Kshetri, T.I. Singh, N.H. Kim, J.H. Lee, Embedded PEDOT:PSS/AgNFs 
network flexible transparent electrode for solid-state supercapacitor, Chem. Eng. J. 
359 (2019) 197–207, https://doi.org/10.1016/j.cej.2018.11.160.

Z. Jiang et al.                                                                                                                                                                                                                                    Journal of Power Sources 623 (2024) 235491 

12 

https://doi.org/10.1007/s40843-020-1417-8
https://doi.org/10.1007/s40843-020-1417-8
https://doi.org/10.1039/D0TA00757A
https://doi.org/10.1039/D0TA00757A
https://doi.org/10.1016/j.electacta.2018.03.090
https://doi.org/10.1016/j.electacta.2018.03.090
https://doi.org/10.1002/adma.201503543
https://doi.org/10.1002/adma.201503543
https://doi.org/10.1002/admi.201700004
https://doi.org/10.1021/acsami.9b20573
https://doi.org/10.1016/j.cej.2019.123098
https://doi.org/10.1021/ma0102666
https://doi.org/10.1039/C5CY00361J
https://doi.org/10.1007/s10562-021-03541-8
https://doi.org/10.1039/C7NR02896B
https://doi.org/10.1039/C7NR02896B
https://doi.org/10.1021/acsami.8b06143
https://doi.org/10.1021/acsami.8b06143
https://doi.org/10.1021/acs.iecr.8b06260
https://doi.org/10.1021/acs.iecr.8b06260
https://doi.org/10.1038/srep38620
https://doi.org/10.1038/srep38620
https://doi.org/10.1142/S021797922040007X
https://doi.org/10.1016/j.jallcom.2021.162230
https://doi.org/10.1016/j.cej.2020.125342
http://refhub.elsevier.com/S0378-7753(24)01443-5/sref39
http://refhub.elsevier.com/S0378-7753(24)01443-5/sref39
http://refhub.elsevier.com/S0378-7753(24)01443-5/sref39
https://doi.org/10.1002/adfm.201504019
https://doi.org/10.1016/j.carbpol.2020.116611
https://doi.org/10.1016/j.carbpol.2020.116611
https://doi.org/10.1002/adfm.201910504
https://doi.org/10.1002/adfm.201910504
https://doi.org/10.1016/j.est.2022.104231
https://doi.org/10.1016/j.est.2022.104231
https://doi.org/10.1016/j.electacta.2023.142845
https://doi.org/10.1016/j.electacta.2023.142845
https://doi.org/10.1016/j.jpowsour.2023.233839
https://doi.org/10.1016/j.cej.2018.11.160

	All-in-one flexible asymmetric supercapacitor with high mechanical durability achieved by controllable interfacial molecula ...
	1 Introduction
	2 Experimental
	2.1 Sample preparation
	2.2 Device assembly
	2.3 Material characterizations
	2.4 Electrochemical measurements

	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


