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The Bigger Picture

The development of wearable and

implantable electrical devices has

been in great demand recently.

However, most existing energy

storage systems are based on

strong corrosive or toxic

electrolytes, posing a huge safety

hazard as a result of solution

leakage. Here, we have

developed a family of safe and

flexible belt- and fiber-shaped

aqueous sodium-ion batteries

(SIBs) by using various Na+-

containing aqueous electrolytes,
SUMMARY

Flexible energy storage devices are attracting extensive attention, but most of

the reported flexible batteries and supercapacitors use either strong acid or

base or toxic flammable organic solutions as electrolytes, which pose potential

safety issues when worn by humans or implanted into the body. Here, we pre-

sent a highly safe family of flexible sodium-ion batteries (SIBs) based on a

Na0.44MnO2 cathode, a nano-sized NaTi2(PO4)3@C anode, and various aqueous

electrolytes containing Na+. The resulting belt- and fiber-shaped aqueous SIBs

exhibit high volumetric energy and power density, high flexibility, and long

life and thus can be safely applied in wearable electronic devices. When normal

saline or cell-culture medium is used as the electrolyte, these SIBs can still work

well, indicating potential application in implantable electronic devices. The

fiber-shaped electrodes in Na+-containing aqueous electrolytes exhibit an elec-

trochemical deoxygenation function, which could be applied in biological and

medical fields.
including Na2SO4 solution,

normal saline, and cell-culture

medium. The resulting SIBs

exhibit high flexibility and

excellent electrochemical

performance and can be safely

applied in wearable electronics.

Flexible SIBs with normal saline or

cell-culture medium as the

electrolyte showed excellent

performance, indicating potential

application in implantable

electronic devices. In addition, the

fiber-shaped electrode in normal

saline or cell-culture medium

electrolyte can consume O2 and

change the pH, implying

promising application in

biological and medical

investigations.
INTRODUCTION

Nowadays, the demand for flexible, wearable, and even implantable electrical de-

vices, such as intelligent bracelets, wearable sensors, implantable clinical devices,

and electric pills,1–4 has led to an upsurge in the development of corresponding

energy storage systems for power supply.5–8 Tomeet this target, energy storage sys-

tems must satisfy several requirements; they must be non-toxic, flexible, and light

weight and have high mechanical strength and good biocompatibility. However,

the traditional rechargeable batteries and supercapacitors currently available9,10

cannot satisfy the requirement for flexible electrical devices because of their stiff cur-

rent collector and rigid assembly. Tremendous efforts have been made to develop

adequate flexible systems.5–8,11 As a result, various belt- and fiber-shaped flexible

Li-ion batteries (LIBs),12–20 Li-S batteries,21–23 Li-O2 batteries
24,25 and supercapaci-

tors26–32 have been developed recently. Unfortunately, the electrolytes used in

these flexible batteries or supercapacitors are mainly based on strong acid or

base or toxic and flammable organic solutions,12–18,21–30 which pose a huge poten-

tial safety hazard when carried around or worn by humans, let alone implanted into

human bodies. Repeated bending of these flexible power sources is likely to lead to

leakage of electrolyte.

In recent years, sodium-ion batteries (SIBs) have been attracting extensive attention

as a promising alternative to LIBs because they benefit from abundant natural re-

serves and the low cost of sodium.33,34 Given their similar mechanism of operation

(i.e., Na+ or Li+ intercalation or de-intercalation), the fabrication technologies for

conventional LIBs, such as a stiff current collector, rigid assembly, and organic
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electrolyte, can be used directly for the development of ordinary SIBs. Although

some efforts have been made to develop flexible electrodes for SIBs,35–40 the corre-

sponding flexible devices are still rarely reported. The most reported SIBs are still

based on toxic and flammable organic electrolytes. Theoretically, SIBs based on

Na+-containing aqueous electrolytes (i.e., aqueous SIBs) are suitable for powering

wearable devices and implantable clinical devices, e.g., a pressure monitor, ion con-

centration meter, and electric pill, as a result of the inherent biocompatibility and

safety of Na+-containing aqueous solutions. It is also expected that an aqueous

SIB can be built with cell-culture medium (which principally contains Na+ and water),

which potentially opens a new door for the development of implantable devices for

biological and/or medical investigations. Unfortunately, flexible aqueous SIBs are

not yet available, although some conventional aqueous SIBs for grid-scale energy

storage have been reported.41,42

Here, we have developed a family of flexible belt- and fiber-shaped aqueous SIBs by

using electrodes based on Na0.44MnO2 (NMO) and nano-sized carbon-coated

NaTi2(PO4)3 (NTPO@C) as the cathode and anode, respectively, in various Na+-con-

taining aqueous electrolytes. The belt-shaped aqueous SIB was fabricated with a

lamination structure containing NMO, NTPO@C electrodes, and an electrolyte-

drenched separator through a vacuum sealing process. The fiber-shaped aqueous

SIB employed aligned carbon nanotube (CNT)/NMO and CNT/NTPO@C hybrid

fibers as electrodes, in which the active materials (NMO or NTPO@C) were closely

incorporated within the aligned CNT fibers by a wet twist process. Both the belt-

and fiber-shaped NMO/NTPO@C aqueous SIBs using Na2SO4 electrolyte delivered

high volumetric energy and power density, high flexibility, excellent rate perfor-

mance, and good cycling stability. Furthermore, these flexible SIBs could still work

well when normal saline or cell-culture medium (Dulbecco’s modified Eagle’s me-

dium [DMEM]) was used directly as their electrolyte. Finally, the deoxygenation

behavior arising from the side reaction of O2 electrochemical reduction was also

investigated in detail.
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RESULTS

Preparation and Characterization of Electrode Materials

The electrode materials of NMO and nano-sized NTPO@C were prepared by a

conventional solid-sate method and a sol-gel method, respectively (see Experi-

mental Procedures). X-ray diffraction (XRD) patterns and scanning electron micro-

scopy (SEM) images of the as-prepared electrode materials are shown in Figures

S1 and S2. The carbon content (�11 wt %) of NTPO@C was confirmed by thermog-

ravimetry (TG) analysis (Figure S3). The carbon layer was about 2 nm thick according

to the transmission electron microscopy (TEM) image (Figure S4). Before fabrication

of the full cell, the electrochemical profiles of the NMO film electrode and the

NTPO@C film electrode in aqueous electrolyte (1 M Na2SO4) were investigated,

respectively, by cyclic voltammetry (CV) and galvanostatic charge-discharge

measurements with a typical three-electrode system (a Ag/AgCl electrode

[E = 0.1971 V versus SHE] was used as the reference electrode, and an activated car-

bon film electrode served as the counter electrode). As shown in Figure S5A, it can

be detected from the CV curves that the NMO electrode exhibited three pairs

of redox peaks at +0.17/+0.07 V, +0.37/+0.28 V, and +0.58/+0.51 V (versus Ag/

AgCl), corresponding to Na+ de-intercalation on positive sweep and Na+ intercala-

tion on negative sweep.43 The reversible Na+ intercalation and de-intercalation of

NTPO@C occurred at �0.86 and �0.7 V (versus Ag/AgCl) (Figure S5B). According

to galvanostatic charge-discharge measurements tested at a current density of
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0.2 A g�1 (Figures S6A and S6B), the NMO and NTPO@C electrodes displayed

a specific capacity of 45 mAh g�1 in the potential window of 0–0.7 V (versus

Ag/AgCl) and a specific capacity of 80 mAh g�1 in the potential window of

0 to�0.9 V (versus Ag/AgCl), respectively. The capacity retention of both electrodes

over 200 cycles was 90% (NMO) and 85% (NTPO@C), respectively (Figures S6C and

S6D).

Fabrication and Electrochemical Profile of Belt-Shaped Aqueous SIBs

After the three-electrode investigations, we used the NMO- and NTPO@C-based

electrodes as cathode and anode, respectively, to fabricate a belt-shaped flexible

full cell with an aqueous electrolyte of 1 M Na2SO4. We used the fabrication techno-

logy for flexible aqueous LIBs, which we recently reported,20 to build the aqueous

SIBs. The flexible cathode or anode was prepared directly with a mixture of NMO

(or NTPO@C) as active materials, acetylene black (AB) as the conductive agent,

and polytetrafluoroethylene (PTFE) as the binder into a film, which was then pressed

on a flexible and lightweight stainless steel mesh to form a flexible electrode (Figures

S7 and S8). A microporous polyacrylonitrile (PAN) nonwoven separator wetted by

electrolyte (1 M Na2SO4) was used to separate the as-prepared NMO cathode

and NTPO@C anode to form a flexible SIB through a sealing process (Figure 1A).

As shown in Figure 1B, the belt-shaped SIB exhibited high mechanical strength

and integrity after undergoing repeated bending. The full cell could be cycled be-

tween 0 and 1.6 V with three voltage plateaus at �1.3, 1.1, and 0.9 V. The full cell

delivered a specific capacity of 43 mAh g�1 at a current density of 0.1 A g�1 (Figures

1C and 1D); the current density and capacity were all calculated on the basis of the

mass of the cathode material (i.e., NMO). Even at a much higher current density of

5 A g�1, the capacity could still be kept at about 27 mAh g�1 (equivalent to 63%

of the former), indicating an excellent rate capability (Figures 1C and 1D). The cycle

profile of the full cell tested at a current density of 0.2 A g�1 is given in Figure 1E. It

can be seen that the initial specific capacity of the full cell was about 42 mAh g�1,

which gradually decreased to 26 mAh g�1 after 1,000 cycles as the coulombic effi-

ciency approached 100%, exhibiting a capacity retention of 60%. The mass energy

and power density of the aqueous SIB were calculated on the basis of the corre-

sponding charge-discharge data and the total mass of the electrode materials

(NMO + NTPO@C), which is given as a Ragone plot profile (Figure S9A). As shown

in Figure S9A, the cell delivered a maximum mass energy density of 30 Wh kg�1

and a maximum mass power density of 4,678 W kg�1. The mass energy and power

density of the flexible aqueous SIB were also calculated on the basis of the total mass

of the device (including active materials, current collectors, electrolyte, and pack-

aging), which was about 10% of the value calculated on the basis of the active

materials (Figure S9B). When converted into areal energy and power density, the

data were 0.47 mWh cm�2 and 74.5 mW cm�2, respectively (Figure S9C). It is well

known that volumetric energy and power densities are very important for wearable

power sources. As a result, we further converted the achieved areal energy and po-

wer densities into volumetric energy and power densities by considering the 0.2 mm

thickness of the packaged flexible and belt-shaped SIB (Figure S10). As shown in

Figure 1F, the maximum volumetric energy density and power density reached

23.8 mWh cm�3 and 3.8 W cm�3, respectively, which are much higher than most re-

ported flexible and wearable LIBs or supercapacitors (see Table S1 for detailed infor-

mation). The detailed calculations for the volumetric energy and power density are

given in the Supplemental Information.

We investigated the retention capacity of the flexible belt-shaped aqueous SIB un-

der bending and mechanical fatigue states by bending it 100 times at different
350 Chem 3, 348–362, Augest 10, 2017



Figure 1. Fabrication and Electrochemical Profile of the Flexible Belt-Shaped Na0.44MnO2//

NaTi2(PO4)3@C Battery Using 1 M Na2SO4 as Electrolyte

(A) Schematic illustration of the structure of the battery.

(B) Photo profile of an as-prepared belt-shaped aqueous SIB.

(C and D) Galvanostatic charge-discharge curves (C) and capacity stability at different current

densities (D) of the belt-shaped aqueous SIB.

(E) Cycling performance of the belt-shaped aqueous SIB tested at a current density of 0.2 A g�1.

(F) Ragone plot (volumetric energy density versus power density) of the belt-shaped aqueous SIB.
angles and to form a circle. Figures 2A–2F show the galvanostatic charge-discharge

curves for the flexible belt-shaped SIB under different bending conditions, including

before bending (flat) and bending 100 times each to 45�, 90�, 135�, 180�, and a cir-

cle. The belt-shaped SIBs were remained bent during the test procedure. Almost no

decay in capacity or increase in polarization was detected under different bending

conditions. The corresponding cycling stability results are presented in Figure 2G.

It can be seen that the belt-shaped SIB lost receivable capacity with each repeated

bending angle. The loss of capacity can be attributed to the fact that repeated

bending destroyed the tight contact of the anode, separator, and cathode step by

step, which thus increased the impedance of the battery. As a demonstration of

an application, two such belt-shaped SIBs were connected in series to power a

red-light-emitting diode (Figure S11).
Preparation and Electrochemical Performance of Fiber-Shaped Aqueous SIBs

In addition to two-dimensional (2D) flexible power sources, one-dimensional (1D)

flexible power sources based on fiber-shaped electrodes, such as fiber-shaped

LIBs13,14 and supercapacitors,26–29,44 have been attracting extensive attention
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Figure 2. Electrochemical Performance of the Belt-Shaped Aqueous SIB at Different Bending

States

(A–F) Before bending (A), bent at of 45� (B), 90� (C), 135� (D), and 180� (E), and bent to a circle (F).

(G) Cycling profile under different bending conditions tested at a current density of 0.2 A g�1.
recently because 1D electrodes can be directly integrated into daily necessities,

such as in clothes, caps, and gloves. Furthermore, the micro-sized 1D electrode

potentially facilitates implantable applications, especially in the human body.

Aligned carbon nanotube (CNT) fibers are a good candidate for flexible batteries

because of the high flexibility, tensile strength (at the level of 102–103 MPa),45 and

high electrical conductivity (in the order of 102–103 S/cm).46 Therefore, the NMO

and NTPO@C were combined with the aligned CNT fibers to form the fiber-shaped

electrodes. In this approach, the spinnable CNT arrays (Figure S12) were first synthe-

sized by the chemical vapor deposition method (see detailed preparation process in

the Experimental Procedures), and the aligned CNT sheets (Figure S13) were contin-

uously pulled out of the CNT array with a knife touching the top edge. The detailed

preparation process for aligned CNT sheets is shown in Figure S14.47 NMO and
352 Chem 3, 348–362, Augest 10, 2017



Figure 3. Characterization of CNT/Na0.44MnO2 and CNT/NaTi2(PO4)3@C Fiber-Shaped

Electrodes

(A and B) Schematic illustration of hybrid electrodes CNT/Na0.44MnO2 (A) and CNT/NaTi2(PO4)3@C (B).

(C–F) SEM images at different magnifications of hybrid electrodes CNT/Na0.44MnO2 (C and E) and

CNT/NaTi2(PO4)3@C (D and F).
NTPO@C nanoparticles were dispersed and attached to the CNT sheets and then

twisted into fiber-shaped electrodes (Figures 3A and 3B; see detailed preparation

process in the Experimental Procedures). The SEM images of the aligned CNT/

NMO (92.5 wt % for NMO) and aligned CNT/NTPO@C (83.1 wt % for NTPO@C)

composite electrodes are shown in Figures 3C and 3D, respectively; they demon-

strate uniform diameters of approximately 110 and 100 mm, respectively. The

NMO and NTPO@C particles were well wrapped within the aligned CNT bundles

(Figures 3E and 3F). There were no extra conductive agents or metal current

collectors in the fiber-shaped electrodes. The highly flexible and bendable charac-

teristics of the free-standing CNT-based hybrid electrodes are demonstrated in

Figure S15.

The electrochemical profiles of the fiber-shaped CNT/NMO and CNT/NTPO@C

electrodes were investigated with three-electrode systems in 1 M Na2SO4 solution

(Figures S16 and S17) before the fabrication of the full cell. We then prepared the

1D flexible aqueous SIBs by putting the fiber-shaped electrodes directly in a tube

containing aqueous electrolyte (Figure 4A). The aqueous electrolyte (1 M Na2SO4)
Chem 3, 348–362, Augest 10, 2017 353



Figure 4. Schematic Image and Electrochemical Profile of the Flexible Fiber-Shaped

Na0.44MnO2//NaTi2(PO4)3@C Battery Using 1 M Na2SO4 as Electrolyte

(A) Schematic illustration of the structure of the battery.

(B and C) Galvanostatic charge-discharge curves (B) and capacity stability (C) at different current

densities of the fiber-shaped aqueous SIB.

(D) Ragone plot (volumetric energy density versus power density) of the fiber-shaped aqueous SIB.

(E) Galvanostatic charge-discharge curves before and after bending of the flexible fiber-shaped

aqueous SIB at a current density of 0.2 A g�1. The aqueous electrolyte (1 M Na2SO4) used for the

fiber-shaped SIB was pre-treated with a flow of N2 for the removal of dissolved O2, as explained in

Figure 6.
used for the fiber-shaped SIB was pre-treated with a flow of N2 for the removal of the

dissolved O2, which is explained in the last section. The galvanostatic charge-

discharge curves of the SIB tested in 1 MNa2SO4 electrolyte in the potential window

of 0–1.6 V are shown in Figure 4B. The full cell delivered a discharge specific capacity

of 46 mAh g�1 (on the basis of the mass of the cathode material, i.e., NMO) at a cur-

rent density of 0.1 A g�1, which is in accordance with that of the belt-shaped SIB. At

the high applied current density of 3 A g�1, the fiber-shaped SIB still delivered a ca-

pacity of 12 mAh g�1 (Figure 4B), indicating a good rate capability. The cycle profile

of the aqueous SIB tested at a current density of 0.2 A g�1 is shown in Figure 4C,
354 Chem 3, 348–362, Augest 10, 2017



which demonstrates that the capacity of the full cell was still maintained at 76% of

that in the initial cycle even after 100 cycles. The Ragone plot shown in Figure 4D

was derived from galvanostatic charge-discharge capacity data. The fiber-shaped

aqueous SIB delivered an energy density of 25.7 mWh cm�3 at a specific power den-

sity of 0.054 W cm�3. A respectable energy density of 5.9 mWh cm�3 was reached at

a high power density of 0.7 W cm�3. The flexibility of the fiber-shaped aqueous

SIB was also investigated. The galvanostatic charge-discharge curves of the fiber-

shaped aqueous SIB before and after bending are shown in Figure 4E. Even

after bending at 180� for 100 times, the galvanostatic charge-discharge curves of

the battery remained almost unchanged, also indicating a high flexibility of the

fiber-shaped aqueous SIB.

Belt- and Fiber-Shaped Aqueous SIBs Using Normal Saline or DMEM as

Electrolyte

In the above sections, the electrochemical performance and flexible characteristics

of belt- and fiber-shaped SIBs using 1 M Na2SO4 were investigated in detail.

Because of the inherent safe and environment friendly nature of Na2SO4 solution,

these flexible aqueous SIBs can be used as the power source for wearable electronic

devices without concern for electrolyte leakage under repeated bending conditions.

However, it is still highly desirable to use biocompatible electrolytes for these

aqueous SIBs to satisfy the requirement of implantable electronic devices for hu-

mans. Accordingly, we used normal saline (0.9 wt % NaCl) and cell-culture medium

(DMEM) (see Table S2 for ingredients) as electrolytes to fabricate the belt- and fiber-

shaped SIBs. We also note that we pre-treated the normal saline or DMEM used for

the fiber-shaped SIB with a flow of N2 to eliminate the dissolved O2, as explained in

the last section. As shown in Figures 5A and 5B, the belt- and fiber-shaped SIBs using

normal saline electrolytes exhibited galvanostatic charge-discharge curves with

three voltage plateaus, similarly to those tested in 1 M Na2SO4 electrolyte. The spe-

cific capacities for belt- and fiber-shaped SIBs using normal saline electrolyte were

41 and 37 mAh g�1, respectively, at a current density of 0.2 A g�1 (both specific

capacity and current density were calculated on the basis of the mass of the cathode

material, i.e., NMO), which are slightly smaller than those tested in 1 MNa2SO4 elec-

trolyte. The reduction of capacity is attributable to the lower Na+ concentration

(0.9 wt. %) in normal saline electrolyte than in 1 M Na2SO4. When DMEM was

used as the electrolyte, belt-shaped SIB maintained their charge-discharge profile

with three voltage plateaus and a specific discharge capacity of 40 mAh g�1 (Fig-

ure 5C), which is almost the same as that achieved in normal saline electrolyte. How-

ever, with the DMEM electrolyte, fiber-shaped SIBs exhibited a much lower capacity

of 32 mA g�1 (Figure 5D). Furthermore, the voltage gap between charge and

discharge was also larger than that in normal saline electrolyte. In addition, the

fiber-shaped SIBs using normal saline or DMEM as electrolyte exhibited lower

coulombic efficiency than those using 1 M Na2SO4 electrolyte (see Figures 4B, 5B,

and 5D). This can be attributed to the fact that the Na-storage (i.e., Na-intercalation)

potential of the NaTi2(PO4)3 anode in 1 M Na2SO4 is just a little above the hydrogen

evolution potential, and the lower Na+ concentration in normal saline or DMEM

(about 0.15 or 0.11 MNa+, respectively) results in the negative shift of the Na+-inter-

calation potential according to the Nernst equation, which is thus closer to the

hydrogen evolution potential. In other words, when normal saline or DMEM is

used as the electrolyte, the undesired hydrogen evolution reaction is more serious

than that in 1 M Na2SO4 electrolyte. On the other hand, CNT-based fiber-shaped

electrodes are more sensitive to the composition of the electrolyte than film elec-

trodes because of the inherent catalytic activity of CNTs, which is further clarified

in the next section. In brief, the flexible SIBs using normal saline or DMEM as
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Figure 5. Electrochemical Profile of the Belt- and Fiber-Shaped Na0.44MnO2//NaTi2(PO4)3@C

Batteries Using Normal Saline or Cell Culture Medium as the Electrolyte

(A and B) Galvanostatic charge-discharge curves of the belt-shaped (A) and fiber-shaped (B)

aqueous SIBs using normal saline as the electrolyte tested at a current density of 0.2 A g�1.

(C and D) Galvanostatic charge-discharge curves of the belt-shaped (C) and the fiber-shaped (D)

aqueous SIBs using DMEM as the electrolyte tested at a current density of 0.2 A g�1. The aqueous

electrolytes (normal saline and DMEM) used for the fiber-shaped SIBs were pre-treated with a flow

of N2 for the removal of dissolved O2, as explained in Figure 6.
electrolyte should be quite safe when applied to implantable electronic devices, cir-

cumventing the most important safety hazard as a consequence of electrolyte

leakage during bending conditions.
Deoxygenation Function of Fiber-Shaped Aqueous SIBs

As mentioned above, the aqueous electrolyte for fiber-shaped SIBs must be pre-

treated with a flow of N2 for the removal of the dissolved O2. However, for belt-

shaped SIBs, it is not necessary to eliminate the dissolved O2. The key reason

for this difference is attributed to the fact that the CNT fibers have catalytic activity

for O2 electrochemical reduction, as demonstrated in our previous report.48 In

order to clarify this point, we investigated fiber-shaped SIBs using pristine normal

saline or DMEM as electrolyte (without pre-treatment of N2) with galvanostatic

charge-discharge tests at a current density of 0.2 A g�1 (Figures 6A and 6B). As

shown in Figures 6A and 6B, the charge voltages of both fiber-shaped SIBs were

lower than 1.0 V, whereas the charge voltages of the fiber-shaped SIBs using

the electrolyte without O2 reached 1.6 V (Figures 4B and 5). The corresponding

discharge capacities of both SIBs were almost zero (Figures 6A and 6B), indicating

a huge irreversibility.

Theoretically, the charge process of the fiber-shaped SIB depends on Na+ de-inter-

calation in the cathode (Na0.44MnO2 / Na0.44�xMnO2 + xNa+ + xe�) and Na+ inter-

calation in the anode (NaTi2(PO4)3 + xNa+ + xe� / Na1+xTi2(PO4)3). Its discharge

reverses the charge process. However, if O2 is present in the electrolyte, the Na+-

intercalation reaction in the anode can be replaced by O2 electrochemical catalytic

reduction (0.5O2 + H2O + 2e�/ 2OH�). To demonstrate this assumption, we
356 Chem 3, 348–362, Augest 10, 2017



Figure 6. Electrochemical Deoxygenation Function of Fiber-Shaped Aqueous SIBs

(A and B) Galvanostatic charge-discharge curves at a current density of 0.2 A g�1 of the fiber-

shaped SIBs using pristine normal saline (with O2) (A) and pristine DMEM (with O2) (B) as electrolyte.

The charge time was controlled at 10 min for preventing the oxygen revolution reaction.

(C) Discharge curves (tested at a current density of 0.2 A g�1) of the fiber-shaped CNT/

NaTi2(PO4)3@C hybrid electrodes in pristine normal saline solution with O2 (black line) and in N2-

treated normal saline solution without O2 (blue line).

(D) Discharge curves (tested at a current density of 0.2 A g�1) of the fiber-shaped CNT/

NaTi2(PO4)3@C hybrid electrodes in pristine DMEM solution with O2 (black line) and in N2-treated

DMEM solution without O2 (red line).

(E) Schematic showing the operation mechanism of the deoxygenation function of the fiber-shaped

aqueous SIB. The CNTs have catalytic activity for O2 electrochemical reduction, which was

demonstrated in our previous report.48
investigated Na+ intercalation behavior (i.e., discharge) of NTPO@C-based fiber-

shaped electrodes in pristine normal saline and DMEM (with dissolved O2) and

normal saline and DMEM treated with a flow of N2 (without dissolved O2) by using

a three-electrode system (a Ag/AgCl electrode [E = 0.1971 V versus SHE] as the

reference electrode and an activated carbon electrode as the counter electrode).

As shown in Figures 6C and 6D, the NTPO@C-based fiber-shaped electrodes

exhibited infinite discharge plateaus at around �0.3 and �0.4 V (versus Ag/AgCl)

in pristine normal saline and pristine DMEM electrolyte, respectively, as a result

of the electrochemical reduction of dissolved O2. However, when tested in normal

saline and DMEM electrolyte pre-treated with a flow of N2, the NTPO@C-based
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fiber-shaped electrodes displayed finite discharge plateaus (about 100 mAh g�1

calculated on the basis of the mass of NTPO@C) at around �0.9 V (versus Ag/

AgCl) according to the typical Na+ intercalation in the NTPO@C electrode. The com-

parison in Figures 6C and 6D confirms the side reaction of an O2 reaction on the

NTPO@C-based fiber-shaped electrode when there is dissolved O2 in the electro-

lyte. However, the electrochemical behavior of NMO is not affected by the presence

of O2 (Figure S18).

According to the above results (Figures 6C, 6D, and S18), the charge process of fiber-

shaped SIBs (Figures 6A and 6B) involves Na+ de-intercalation [Na0.44MnO2 /

Na0.44�xMnO2 + xNa+ + xe�] in the cathode and an O2 reduction reaction [0.5O2 +

H2O + 2e� / 2OH�] in the anode, which is illustrated in Figure 6E. The consumption

of oxygen and change in the pH of the electrolyte during the discharge process (i.e.,

O2 electrochemical reduction) on the NTPO@C anode, corresponding to the charge

process of the fiber-shaped SIB, can be considered an electrochemical deoxygenation

process for the electrolyte. Undoubtedly, the side reaction ofO2 reduction is a disadvan-

tage for an aqueous battery, resulting in huge irreversibility of the charge-discharge

cycle. However, when implanted in the human body, such an electrochemical deoxy-

genation process (O2 consumption and pH adjustment shown in Figure 6E) of fiber-

shaped electrodes could be applied to biological investigations and medical therapy.

For example, very recently, Zhang et al.49 successfully used the chemical deoxygenation

reaction of polymer-modified magnesium silicide (Mg2Si) nanoparticles (Mg2Si + 4H+ +

2O2 / 2Mg2+ + 2H2O + SiO2) to realize cancer starvation therapy. Thus, it can be ex-

pected that the electrochemical deoxygenation function of fiber-shaped electrodes in

normal saline, cell-culture medium, and body fluid containing Na+ could be used for

the same task.
DISCUSSION

As mentioned in the Introduction, the demand for flexible, wearable, and even

implantable electrical devices requires flexible power sources with high safety. As

a result, flexible batteries and supercapacitors are attracting extensive attention.

However, most of the reported flexible batteries and supercapacitors use either

strong acid or base or toxic flammable organic solutions as electrolytes, which

pose potential safety issues when worn by humans or implanted into the body. In

this work, aqueous SIBs based on aqueous electrolyte solutions containing Na+

were introduced to flexible energy storage devices. It has been demonstrated that

belt- and fiber-shaped aqueous SIBs using 1 M Na2SO4 display promising electro-

chemical performance, including high volumetric energy and power density, high

flexibility, excellent rate ability, and a long cycle life, and thus can be considered

safe power sources for wearable electrical devices. Furthermore, biocompatible

normal saline and cell-culture medium (DMEM) can also be used as electrolytes

for these flexible SIBs, which provides an opportunity for their use in implantable

electronic devices.

On the other hand, it was demonstrated that the side reaction of O2 electrochemical

reduction on the fiber-shaped electrode could consume O2 in normal saline or

DMEM solution, which could be considered as a typical deoxygenation process.

For instance, very recently, Zhang et al.49 successfully used the chemical deoxygen-

ation reaction of polymer-modified magnesium silicide (Mg2Si) nanoparticles for

cancer starvation therapy. Accordingly, it can be expected that the deoxygenation

of fiber-shaped electrodes in biocompatible solutions (such as normal saline,

DMEM solution, or even body fluid) could be applied in biological and medical
358 Chem 3, 348–362, Augest 10, 2017



investigations, which potentially highlights a new field of application for flexible

aqueous SIBs, as well as power sources.

EXPERIMENTAL PROCEDURES

Materials

Na0.44MnO2 was prepared by the solid-state method according to previous re-

ports.43,50,51 In a typical synthesis, Mn3O4 and Na2CO3 were mixed by ball-milling

treatment at 300 rpm for 10 hr in a molar ratio of 1:0.726. The mixture was reacted

at 500�C in air for 5 hr. The precursor was then ball milled for another 10 hr and

then heated at 900�C in air for another 12 hr. Nano-sized carbon-coated

NaTi2(PO4)3 was synthesized by a sol-gel method.52,53 2 g PVA (polyvinyl ethanol)

was dissolved in 100 mL of H2O under heating, and then 0.0051 mol Na2CO3 (2%

excess; the extra amount of Na was added to compensate for the loss of Na, i.e.,

volatilization of Na salt, during the high-temperature synthesis process), 0.02 mol

TiO2, and 0.03 mol NH4H2PO4 were added to the PVA aqueous solution to form a

homogeneous and transparent solution. The mixture was evaporated for several

hours in a water bath at 80�C with vigorous stirring until a thick homogeneous

gel was obtained. The gel precursors were vacuum freeze dried for 24 hr for the

removal of residual water to produce the white solid product. The resulting solid

product was successively calcined at 300�C for 3 hr and calcined at 900�C for

another 12 hr in a tube furnace under a N2 atmosphere with intermediate sufficient

ball milling. The as-prepared NaTi2(PO4)3 powder was coated with carbon through

chemical vapor deposition. The obtained powder was calcined at 700�C for 4 hr

under a N2/toluene atmosphere and then heated up to 900�C without toluene

for 2 hr to yield the final product NaTi2(PO4)3@C. The spinnable CNT arrays

were first synthesized by a typical chemical vapor deposition method. Al2O3

(3 nm) and Fe (1.2 nm) were sequentially deposited onto a silicon wafer as the cata-

lyst. The electron beam evaporation rates of Al2O3 and Fe were 2 and 0.5 Å s�1,

respectively. Ethylene (flow rate of 90 sccm) was used as the carbon precursor.

A mixture of Ar (flow rate of 400 sccm) and H2 (flow rate of 30 sccm) was used

as the carrier gas. The growth of CNT arrays took place at 740�C for 10 min in a

tube furnace to yield the spinnable CNT arrays. The aligned CNT sheet was contin-

uously dry-drawn out of the CNT array with a knife.

Material Characterization

XRD data for all samples were collected by Bruker D8 X-Ray Systems with a Cu Kɑ

radiation source (l = 1.5406 Å). The morphology of the samples was characterized

by SEM (JEOL JSM-6390) and TEM (JEOL JEM-2010). TG analysis was carried on

the TG209F1 instrument with an O2 flow.

Preparation of Film Electrodes and Belt-Shaped SIBs

The film electrodes were produced by the mixture of active materials (NMO or

NTPO@C), conductive agent (AB), and binder (PTFE) in a mass ratio of 80:10:10 in

isopropanol. The obtained slurry was rolled into films. After being dried at 120�C
for 12 hr in air, the electrode films (1 3 5 cm) were then pressed onto soft stainless

steel mesh (1 3 6 cm) onto which nickel tabs had been welded for electron conduc-

tion. The mass loadings of NMO and NTPO@C were about 10 and 6 mg cm�2,

respectively. The flexible SIBs were fabricated with a capacity ratio of NMO

cathode and NTPO@C anode of 1:1.1 according to the specific capacity of NMO

(46 mAh g�1) and NTPO@C (88 mAh g�1) at a current density of 0.2 A g�1. This

capacity ratio was set because the end potential of Na storage in the NaTi2(PO4)3
anode is close to the hydrogen evolution potential. A small amount of capacity

excess in the anode was used just to prevent the undesired hydrogen evolution
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reaction on the anode. The anode and cathode electrode films were then stacked up

with an electrolyte-wetted separator between them. Finally, the flexible belt-shaped

SIB was sealed through a vacuum sealing process. The electrolytes used were 1 M

Na2SO4 solution, normal saline, and DMEM for different belt-shaped SIBs.
Preparation of Fiber Electrodes and Fiber-Shaped SIBs

Before the preparation of the fiber-shaped electrodes, the active materials (NMO and

NTPO@C) were dispersed in ethanol to yield suspensions at concentrations of 1.7 and

1 mg/mL, respectively. The suspensions were treated under probe sonication to form

homogeneous suspensions before use. Aligned CNT sheets were continuously pulled

out fromthe spinnableCNTarray. Four layersof alignedCNTsheetswith awidthof 2 cm

were stacked along the drawing direction on a PTFE plate. The suspensions were drop-

pedonto theCNT sheets onPTFEuntil the stackedCNT sheetswere entirely immersed.

A spinning machine then twisted the aligned CNT sheets into composite yarns to pro-

duce the fiber-shaped CNT/NMO and CNT/NTPO@C composite electrodes, respec-

tively. Weight percentages of NMO and NTPO@C in the fiber electrodes were 92.5%

and 83.1%, respectively. The diameter of the electrodes was about 110 mm (NMO)

and 100 mm (NTPO@C). For the electrochemical tests, fiber electrodeswere connected

with copper wires through conductive silver adhesives. The joint was covered with glue

to prevent a short circuit. The fiber electrodes were then immersed in 1 M Na2SO4 so-

lution to afford the final fiber-shaped aqueous SIBs.Normal saline andDMEMwere also

used as aqueous electrolytes for building fiber-shaped SIBs by the same method. It

should be noted that aqueous electrolytes for fiber-shaped SIBs must be pre-treated

with a flow of N2 for the removal of dissolved O2.
Electrochemical Measurements

The three-electrode systems used a Ag/AgCl electrode (E = 0.1971 V versus SHE) as

the reference electrode. An activated carbon electrode was used as the counter

electrode. Full cells were tested with a two-electrode system. The CVmeasurements

of the samples were carried out on a CH Instruments electrochemical workstation

(CHI 660D) at a scan rate of 1 mV s�1. Galvanostatic charge-discharge and cycling

stability tests were performed on a computer controlled by a Hukuto Denko battery

charge-discharge system (HJ series). Electrochemical windows were between 0 and

�0.9 V (versus Ag/AgCl) for the NTPO@C-containing electrode, between 0 and 0.7 V

(versus Ag/AgCl) for the NMO-containing electrode, and 0 and 1.6 V for the full cell.

All electrochemical tests (except CV) for the NTPO@C-containing electrodes and

fiber-shaped SIBs were carried out with vigorously bubbling N2 for the removal of

dissolved O2 in the electrolytes.
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