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 ABSTRACT 

Stretchable electronics are in high demand for next-generation wearable 

devices, but their fabrication is still challenging. Stretchable conductors, flexible

pressure sensors, and foldable light-emitting diodes (LEDs) have been reported; 

however, the fabrication of stable stretchable batteries, as power suppliers for

wearable devices, is significantly behind the development of other stretchable

electronics. Several stretchable lithium-ion batteries and primary batteries 

have been fabricated, but their low capacities and complicated manufacturing

processes are obstacles for practical applications. Herein, we report a stretchable

zinc/manganese-oxide (Zn-MnO2) full battery based on a silver-nanowire-

coated sponge prepared via a facile dip-coating process. The spongy electrode, 

with a three-dimensional (3D) binary network structure, provided not only 

high conductivity and stretchability, but also enabled a high mass loading of

electrochemically active materials (Zn and MnO2 particles). The fabricated 

Zn-MnO2 battery exhibited an areal capacity as high as 3.6 mAh·cm−2 and could 

accommodate tensile strains of up to 100% while retaining 89% of its original

capacity. The facile solution-based strategy of dip-coating active materials onto 

a cheap sponge-based stretchable current collector opens up a new avenue for 

fabricating stretchable batteries. 

 
 

1 Introduction 

Stretchable electronics, which can sustain large 

deformations and intimately integrate with curvilinear 

surfaces, have drawn significant attention due to  

the high demand for next-generation wearable and 

implantable devices [1–4]. With the development of 

stretchable conductors, various stretchable devices, 

such as health-monitoring patches [5], smart clothes 

[3, 6], and electronic skin [4], have been demonstrated. 

However, developing stable power supplies with 

adaptable stretchability for wearable devices is 
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challenging [7]. The primary challenge in fabricating 

stretchable batteries lies in preparing a stable, 

stretchable, and highly porous current collector, which 

can not only maintain stable electrical conductivity 

under deformation, but also possess a large surface 

area for loading a sufficient amount of electrochemically 

active materials.  

Traditional batteries are built using rigid metal-foil 

current collectors, which suffer structural failure under 

deformation [8]. Two promising strategies have been 

proposed for replacing these metal foils: geometric 

structuring of traditional metal electrodes and pre-

paration of intrinsically stretchable porous electrodes 

[9]. In terms of geometric structuring, several delicate 

structures, such as wavy structures [10], zigzag stripes 

[11], serpentine interconnects [12, 13], origami [14], 

and helical springs [15], have been demonstrated. 

Using a spatial structural design endows the rigid 

conductive materials with a certain degree of buffer 

that prevents the materials themselves directly bearing 

a deformation. However, such electrode materials 

might crack and drop off under strain, due to their 

low surface area and varying conductivity [16]. The 

intrinsic stretchability and relatively high surface area 

of stretchable porous electrodes render them more 

suitable for fabricating stretchable batteries [17]. 

Conductive nanomaterials such as carbon nanotubes 

(CNTs) [18], carbon films [19], metal nanowires (NWs) 

[20], and metal nanoparticles [21] have been widely 

used for fabricating stretchable electronics and have 

shown potential as three-dimensional (3D) stretchable 

electrodes. Among these materials, CNTs are the most 

commonly used for fabricating stretchable current 

collectors owing to their high mechanical strength and 

chemical stability [22]. For example, CNTs have been 

spun into micro-fibers to fabricate various fibrous 

energy devices, such as solar cells [1], supercapacitors 

[23], and lithium-ion batteries [24]. However, con-

sidering the superior conductivity of metallic 

conductors, CNTs might not provide optimal battery 

performance [25]. The conductivity of CNTs could be 

enhanced by using micrometer-sized silver flakes as 

a conductive filler [26]. 

3D porous metal frameworks have been used as rigid 

current collectors [27]. Assembling metallic materials 

on porous elastomers has provided some success for 

obtaining stretchable and conductive metallic fra-

meworks. Various metals have been directly deposited 

onto fabrics to prepare stretchable conductors using 

electron beam evaporation [13], thermal evaporation 

[28], and electrodeposition [29]. In particular, silver 

nanowires (AgNWs) have been used as conductive 

building blocks to fabricate stretchable electronics  

[20, 30]. A binary-network structure design, consisting 

of 2D networks of AgNWs percolated into a 3D 

skeleton of commercial polyurethane sponge (PUS), 

exhibited excellent conductivity and stretchability [30]. 

Herein, we demonstrate a facile all-solution process 

for preparing a stretchable zinc/manganese-oxide 

(Zn-MnO2) primary battery using a porous 3D AgNW 

binary network (PUS@AgNW) as a stretchable current 

collector. AgNWs were dip coated onto a PUS skeleton 

to form the binary-network structure, which was used 

as a stretchable porous current collector. By tracking 

the transformation process during deformation, we 

found that the structure effectively dispersed the 

deformation, with the individual PUS microfibers 

enduring a deformation less than that of the overall 

PUS@AgNW structure. Electrochemically active 

materials (Zn and MnO2) were dip coated onto the 

PUS@AgNW current collector to complete the electrode 

construction [31]. The porous structure of PUS@AgNW 

enabled high mass loading and intimate contact 

between the current collector and the electrochemically 

active particles, which occupied open pores. The 

prepared stretchable Zn-MnO2 full battery exhibited 

a capacity of up to 3.6 mAh·cm−2 with a 12 mg·cm−2 

MnO2 loading. Several such batteries connected in 

series could power a circuit loaded with an LED under 

repeated strain. Under 100% strain, the battery still 

maintained 89% capacity, and provided stable power 

at currents of 0.35, 0.7, and 1 mA. Compared with 

previously reported complicated nanofabrication pro-

cesses, the entire battery preparation process reported 

here is simple and can be easily scaled up, with the 

resultant stretchable battery satisfying the energy- 

supply requirements for stretchable electronics [13]. 

2 Experimental  

2.1 Preparation of the electrodes 

A detailed description of the preparation process is 
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provided in the Electronic Supplementary Material 

(ESM). Briefly, commercially available PUS was washed 

using deionized water (DIW) and ethanol separately, 

and then dried and cut into small slices. The cleaned 

sponge slices were thoroughly immersed in a 1 wt.% 

polydimethyldiallylammonium chloride (PDDA) (MW = 

100,000–200,000) solution overnight. PUS@AgNW 

current collectors were prepared by dropping a    

7.5 mg·mL−1 AgNW ethanol solution onto the modified 

PUS slices. The slices were then heated in an oven  

at 80 °C for 30 min to evaporate the excess ethanol. 

Afterwards, the PUS@AgNW current collectors were 

baked at 180 °C for 20 min to weld the AgNWs to the 

PUS. Electrodes were prepared by dropping “Zn ink” 

and “MnO2 ink” onto PUS@AgNW current collectors 

using a Pasteur pipette. Finally, the electrodes were 

dried at 120 °C for 30 min to remove residual water. 

2.2 Cell assembly  

A piece of acrylic elastomer (3M VHB 4910) was cut 

into a well to house the electrodes and the electrolyte. 

The well was then put onto a piece of elastomer to 

form a little chamber. A cathode and an anode were 

put on the top of the chamber side by side with a   

~ 5 mm gap, leaving the PUS@AgNW parts to connect 

to the external circuit. After filling the porous electrode 

and the chamber with a prepared electrolyte gel, 

another piece of elastomer was put on the top of the 

cell to seal it.  

2.3 Measurements and characterization  

Electrochemical characterization was performed using 

galvanostatic discharge and electrochemical impedance 

spectroscopy (EIS) measurements using a CHI 760D 

electrochemical workstation (CH instruments). The 

EIS measurements were conducted using a 10 mV 

fluctuating potential from 100,000 Hz to 10 Hz at an 

open circuit voltage (OCV) (1.5 V). The microstructure 

of the sponge was investigated using scanning electron 

microscope (SEM) (Zeiss Supra 40, 5 kV). Powder X-ray 

diffraction (PXRD) was carried out using an X-ray 

diffractometer (TTRIII, Rigaku, Japan) with Cu Kα 

radiation (λ = 1.54178 Å). Optical microstructure images 

of the PUS at different tensile strains were obtained 

using a microscope (IX71, OLYMPUS, Japan). 

3 Results and discussion 

High-quality AgNWs with a length of 4–15 μm were 

synthesized using a previously reported one-pot 

synthesis method (more details in the ESM) [30]. 

Commercial PUS was first cleaned and modified with 

PDDA to endow it with a positively charged surface 

and facilitate adsorption of the weakly negatively 

 

Figure 1 Fabrication process and microstructure of PUS@AgNW material. (a) Schematic of sponge microstructure, and (b) change in
the color of the bare PU sponge slice from black to brown after a dip-coating process to prepare the conductive PUS@AgNW material. 
(b) and (c) SEM images of the bare sponge with a three-dimensional network structure. (e) and (f) SEM images of PUS@AgNW at 
different magnifications and the surface AgNW networks on the surface of the PU fibers. 
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charged AgNWs via the electrostatic force. As shown 

in Fig. S1(a) (in the ESM), the modified PUS was 

impregnated with a 7.5 mg·mL−1 AgNW ethanol 

solution. After evaporation of the ethanol, the black 

PUS (Fig. 1(a)) became yellow brown (Fig. 1(d)). The 

electrode was then annealed (heat welded) at 180 °C 

for 20 min. The conductivity of the PUS@AgNW 

material could feasibly be tuned by varying the dip- 

coating times and AgNW concentration, which would 

change the mass loading of AgNWs on the PUS 

micro-fiber network. 

The microstructure of the sponge skeleton after the 

dip-coating process was characterized using SEM. 

The bare PUS had a 3D hierarchical structure, with  

a pore size of about 400 μm and a fiber diameter of 

50 μm (Figs. 1(b) and 1(c)). High-magnification SEM 

images of PUS@AgNW revealed that the AgNWs 

were uniformly distributed throughout the sponge 

network in a wave-like film manner (Figs. 1(e) and 1(f)), 

which arose from shrinkage of the sponge during  

the swelling-drying process (Fig. S1(a) in the ESM). 

This wavy structure was similar to the previously 

reported structure constructed on the PDMS surface, 

and maintained connectivity between the AgNWs 

during stretching [10]. 

The heat-welding process was used to improve the 

conductivity and mechanical properties of PUS@AgNW 

[32]. Prior to heat welding, the AgNWs were in loose 

contact with one other due to the presence of a 1 to  

3 nm thick layer of PVP surfactant. After heat wielding, 

the total resistance of the PUS@AgNW materials    

(6 cm × 1 cm × 0.2 cm) typically decreased from several 

ohms to 1–2 ohms. SEM characterization (Fig. S1(b) in 

the ESM) showed that the AgNWs melted into nodes 

after heating at 180 °C, while, the XRD pattern in  

Fig. S1(c) in the ESM indicates that no Ag2O was 

generated during this process. Using a welding tem-

perature above 180 °C would have resulted in oxidation 

of the AgNWs and the formation of Ag2O nanoparticles, 

leading to a sharp decrease in conductivity. 

Optical microscopy was used to track the transition 

of PUS@AgNW from 0 to 100% strain (Figs. 2(a)–2(e)).  

 

Figure 2 Observation of stretching process and mechanical-electric properties of stretchable PUS@AgNW materials. (a)–(e) Shape 
transition at the same position on a piece of PUS (a white dot marks the position) under 0, 25%, 50%, 75%, and 100% strain (scale bars:
200 μm). (f) Variation of the length of several PUS fibers marked L1–L9 as a function of the tensile strain (up to 100% in the first stretch).
Resistance (g) and conductivity (h) of PUS@AgNW as a function of tensile strain (up to 100% in the first stretch). (i) Curves of resistance
peak points for each cycle of PUS@AgNW deformation under 0–30% strain and 0–50% strain as a function of the cycle number. 



 

 | www.editorialmanager.com/nare/default.asp 

1558 Nano Res. 2018, 11(3): 1554–1562

As the strain increased, the PUS micropores tended 

to shrink perpendicular to the tensile direction. This 

shape deformation of the PUS skeleton at the micro- 

scale would mitigate the accumulation of uniaxial strain 

on the individual struts [33]. Nine PU microfibers, 

marked L1–L9, were selected as representative of the 

entire porous structure. As shown in Fig. 2(f), the fibers 

elongated on introducing strain. The strain of a single 

fiber was always lower than the strain of the whole 

sponge from 0 to 100%. The length of L1, L3, L8, and  

L9, which were aligned in the elongation direction, 

increased a little more than the average increase. 

However, the perpendicular fiber (L7) shrank on 

increasing the strain from 50% to 100%.  

The strain-resistance variation of PUS@AgNW with 

a 9 mg loading of AgNWs was further investigated. 

As shown in Fig. 2(h), the resistance of a 6 cm long 

piece of PUS@AgNW was initially ~ 1 Ω (conductivity: 

28 S·cm−1), and slowly increased to 3 Ω, maintaining 

high conductivity (conductivity: 50 S·cm−1, Fig. 2(h)) 

under 50% strain. When the sample was stretched 

from 50% to 100%, the resistance increased from 3  

to 14 Ω (conductivity: 20 S·cm−1) due to disconnection  

of the AgNWs. Interestingly, the conductivity of 

PUS@AgNW peaked (50 S·cm−1) around 50% strain 

(Fig. 2(h)), indicating that the silver network is 

optimized at this level of strain. The PUS@AgNW 

material had a foam structure with a negative Poisson 

ratio (NPR) [34]. Figure S1(d) in the ESM shows the 

change in the width and length of the entire sponge 

sample (6 cm × 1 cm × 0.2 cm) under strain. From 0 to 

50% strain, obvious shrinkage occurred through pore 

deformation. At around 50% strain, the slope of the 

curve began to decrease. When the strain exceeded a 

certain extent (~ 50%), the microfibers directly endured 

the strain, and displacement of the AgNWs on the 

nanoscale occurred, resulting in a significantly decrease 

conductivity on increasing the strain from 50%–100%. 

A control sample consisting of a flat AgNW film  

on a 3M acrylic elastomer was fabricated and tested 

under stretch deformation. The resistance of the AgNW 

film increased sharply from 1 to 20 Ω at a strain of 

50% (Fig. S2(b) in the ESM), while the resistance of 

PUS@AgNW was only 3 Ω at the same strain level 

(Fig. 2(g)). After the first stretch at 50% strain, many 

unrecoverable cracks appeared on the AgNW film  

(Fig. S2(c) in the ESM), while the AgNW networks on 

the PUS surface were maintained, with only small 

cracks on the joints (marked as red in Fig. S2(d) in the 

ESM). To demonstrate its robustness, PUS@AgNW 

was repeatedly stretched to 10%, 30%, and 50% strain 

100 times (Fig. 2(i)). The peak point of resistant in 

each cycle reached a stable level after the first stretch. 

This was due to the superior 3D-binary-network 

configuration of PUS@AgNW, which significantly 

limited disconnection of the AgNWs during 

deformation. 

Electrode materials were easily loaded onto the 

PUS@AgNW current collector via impregnation using 

prepared electrochemical inks. The electrochemical 

inks were prepared by first mixing sufficient amounts 

of electrochemically active particles (Zn or MnO2),   

a conductive additive (carbon black), an aqueous 

polyoxyethylene (PEO), and DIW using a pestle and 

mortar [35]. After drying, a uniform particle distribution 

was observed in both the anode and cathode (Figs. 3(b) 

and 3(d)). Energy dispersive spectroscopy (EDS) 

mapping of Zn and Mn (Figs. S3(a) and S3(b) in the 

ESM) also indicated that electrode materials were 

homogeneously distributed. High-resolution SEM 

images (Figs. 3(c) and 3(e)) showed that the Zn and 

MnO2 particles were tightly decorated on the surface 

of the AgNW network, which would facilitate electron 

transfer from the current collector to the active 

materials. 3M acrylic was used as a sealing material to 

package the battery, due to its softness and excellent 

stretchability (Fig. S2(a) in the ESM). The assembled 

Zn-MnO2 stretchable cell was filled with a polyacrylic- 

acid (PAA)-based polymer gel electrolyte (PGE) and 

exhibited an OCV of 1.5 V. 

No silver oxide phase was observed in the XRD 

patterns (Figs. 3(f) and 3(g)) of both electrodes, indica-

ting that the AgNWs were stable during the battery 

fabrication process. Besides the peaks assigned to Ag, 

the residual peaks matched well with the standard 

XRD patterns of MnO2, graphite, Zn, ZnO, and Bi2O3. 

The battery was assembled with the anode and 

cathode arranged in parallel to form a circuit, which 

was effective for avoiding electrode shorting [36]. One 

way to increase the voltage provided by a battery to 

a sufficient level is to connect multiple batteries in  
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series [37]. As shown in Fig. 3(i), two connected Zn- 

MnO2 stretchable batteries could light up a red LED 

(operating voltage 1.7–3.0 V with a 10 mA current; 

Fig. S5 in the ESM). The Zn-MnO2 battery displayed 

high stretchability originating from the porous 

PUS@AgNW structure. The battery was still able to 

power a red LED even when it was simultaneously 

stretched to 100% strain in the x-direction and twisted 

by 90° in the z-direction (Fig. 3(i)). 

The stretchable batteries provided a stable power 

supply under various levels of deformation. As shown 

in Fig. 4(a) and Video S1 in the ESM, the batteries lit 

up the red LED during stretching deformation up  

to 100% strain, indicating stable performance under 

uniaxial strain. On poking a marker pen into the 

sealed battery, which caused distortion, stretching, 

and pressuring all at the same time, the red LED 

remained lit up (Fig. S4 in the ESM). Discharge voltage 

curves for the batteries under 0, 50%, and 100% 

uniaxial stretch at a discharge current of 0.35 mA are 

shown in Fig. 4(b). These curves showed a minor 

voltage decrease in the ohmic loss (I × R) and a small 

degradation in the battery upon stretching. The small 

capacity decrease (~ 1 mAh) during stretching defor-

mation might arise from the electrical discontinuity 

due to the detachment of slurry particles from the 

AgNWs. The voltage curves for the battery under 100% 

strain at different discharge currents (0.35, 0.7, 1, and 

2 mA) are shown in Fig. 4(c). The battery exhibited a 

capacity of 6.67 mAh, which decreased to 4.78 mAh 

at a current of 2 mA. 

EIS measurements were performed to measure the 

inner resistance of the battery under different levels 

of strain [28]. The resistance determined from the 

high-frequency intercept with the x-axis was attributed 

to the electrolyte, electrode leads, and terminals. As 

shown in Fig. 4(d), the ohmic loss with the increasing 

strain indicated that the inner resistance of the battery 

increased with increasing deformation. However, 

even at 200% strain, the resistance was only 50 Ω. The 

 
Figure 3 (a) Schematic illustration of the electrode and battery fabrication processes. SEM images of Zn particles ((b) and (c)) and
MnO2 particles ((d) and (e)) loaded on a PUS@AgNW current collector. (f) XRD patterns of the anode in (d) and (e) showing the
presence of MnO2, C, Ag, and PUS, and (g) the cathode in (b) and (c) showing the presence of Zn, Bi2O3, Ag, and PUS. (h) Optical 
images of as-fabricated stretchable full Zn-MnO2 batteries connected in series. (i) The batteries connected in series powering a red LED
under simultaneous stretching and twisting. 
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ionic conduction pathways under large strain beyond 

a recoverable level were still maintained, which might  

be a result of the positive effects of the viscous and 

cohesive ionic-gel electrolyte. The capacity of the 

battery could be further optimized by adjusting the 

mass loading of the active materials. Using a typical 

ink concentration (130 mg·mL−1), the mass loading of 

MnO2 (specific capacity of 308 mAh·g−1) was ~ 45 mg·cm−2. 

The mass loading of Zn (specific capacity: 825 mAh·g−1) 

was ~ 90 mg·cm−2, which provides almost 5 times the 

capacity of the cathode. Thus, the capacity of the 

battery was limited by the mass loading of MnO2. 

Figure 4(e) shows that the battery capacity increased 

linearly with increasing the MnO2 mass loading, while 

maintaining the Zn excess, up to 3.6 mAh·cm−2 at a 

mass loading of 12 mg·cm−2 and 0 deformation strain. 

The Zn-MnO2 battery is a primary battery and, thus, 

could not be recharged. However, the areal capacity 

was quite competitive compared with recently reported 

stretchable primary batteries, and had an obvious 

advantage of secondary batteries (Table S1 in the ESM). 

Under 100% strain, the battery capacity did not increase 

with increasing mass loading beyond 7.7 mg·cm−2. 

Thus, to ensure optimal battery performance under 

100% strain, a mass loading of 7.7 mg·cm−2 was used, 

which provided a capacity of 2.3 mAh·cm−2.  

The battery stability under repeated stretching was 

also evaluated. Figure 4(f) shows a negligible drop  

in the battery OCV (from 1.4 to 1.39 V) as a function 

of the stretch strain (up to 100%). The OCV was also 

measured over 100 repeated stretches at 50% strain 

(Fig. 4(g)). The OCV (1.35 V) did not diminish over 

100 stretches, indicating that the electrochemically 

active particles anchored on the PUS@AgNW current 

collector were quite stable. In other words, the battery 

possessed good mechanical-electric properties, and 

 

Figure 4 Stretchability of an alkaline Zn-MnO2 full battery. (a) Optical images of two stretchable batteries connected in series 
powering a red LED under 0, 50%, and 100% strain. (b) Discharge curves for the battery at 0, 50%, and 100% strain at a discharge
current of 0.35 mA. (c) Discharge curves for the battery under 100% strain at discharge currents of 0.35, 0.7, 1, and 2 mA. (d) EIS 
curves for the full battery at 0, 50%, 100%, 150%, 175%, and 200% strain. (e) Influence of MnO2 mass loading on the area-capacity 
performance of the battery under 0 and 100% strain. (f) OCV of the battery during deformation up to 100% strain. (g) OCV of battery 
during 100 repeated deformations to 50% strain. 
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could stably power an electric circuit during repeated 

stretching, thus meeting the requirements for 

component-level stretchability [7]. 

4 Conclusions 

In summary, we have fabricated a highly stretchable 

Zn-MnO2 battery via a facile dip-coating method, 

using a AgNW-coated sponge (PUS@AgNW) with a 

binary network as a stretchable current collector. The 

PUS@AgNW current collector consisted of stretchable 

commercial PUS and conductive AgNW networks, 

and possessed excellent conductivity (up to 50 S·cm−1) 

and stretchability (up to 100% strain). The Zn-MnO2- 

battery cathode and anode were fabricated by dip- 

coating PUS@AgNW current collectors in electro-

chemically active particles. The 3D binary-network 

electrodes not only effectively minimized the strain, 

but also stably trapped the electrochemically active 

materials, during repeated stretching deformation. The 

capacity of the stretchable battery reached 3.6 mAh·cm−2. 

Under 100% strain, the battery still maintained 89% 

of its capacity, and could provide stable power at 

currents of 0.35, 0.7, and 1 mA. In contrast to traditional 

methods used to build up spatial structures, we 

fabricated a 3D porous electrode using off-the-shelf 

PUS. The dip-coating method is compatible with 

mainstream industrial processing and, thus, our 

stretchable-battery fabrication can easily be scaled up. 

Such a stretchable battery with high capacity is quite 

attractive for use as a power source in future wearable 

devices. 
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