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Abstract

NASICON-structured NaTi2(POs4); (NTP) is an attractive anode material for aqueous
rechargeable sodium-ion batteries (ARSIBs) thanks to its three-dimensional open framework and
appropriate negative voltage window. Nevertheless, the lack of flexible and high-performance
binder-free NTP-based anodes remains stumbling blocks to the development of wearable
ARSIBs. Herein, hollow-structure NTP evenly encapsulated in cross-linked porous N-doped
carbon nanofiber (HNTP@PNC) is prepared through electrospinning technology and subsequent
carbonization treatment, directly acting as binder-free anode for flexible ARSIBs. Benefiting
from its unique hollow structure, continuous conductive network and favorable synergistic effect,
the HNTP@PNC electrode displays as high as of 108.3 mAh g rate capacity at 5.50 A g! and
an impressive cycling stability of 97.2% capacity retention after 3000 cycles. Further, theoretical
calculations reveal that NTP with NC coating significantly enhances electronic conductivity and
accelerates Na*t diffusion kinetics. Pairing with potassium zinc hexacyanoferrate free-standing
cathode, a prototype quasi-solid-state ARSIB with a high-voltage discharge plateau of 1.6 V is
successfully constructed, achieving a high volumetric capacity of 24.5 mAh c¢cm? and an
admirable energy density of 39.2 mWh c¢m™, outperforming most reported flexible aqueous
rechargeable energy-storage devices. These exciting results provide valuable intuition into the

design of novel binder-free NTP-based anodes for next-generation wearable ARSIBs.
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Introduction

Ever-increasing demand for portable and wearable next-generation technology has greatly
boosted the research interest in develpoing high efficiency storage devices with elevated safety
and mechanical flexibility.[1-24] Recently, sodium-ion batteries (SIBs) have emerged as highly
favorable substitutes to lithium-ion battery for large-scale energy storage applications owning to
large availability of sodium reserves and the homogenous chemical and physical properties to
lithium ions.[25-32] However, sluggish kinetics, caused by the poor ionic conductivity of the
traditional organic electrolytes and large radius of Na*, commenly leads to inferior rate
performance and power densities, thus limiting their practical applications in wearable
electronics. Encouragingly, the emergence of aqueous electrolytes provides opportunities to
construct high-power density SIBs because of the higher ion conductivity (~1 S cm™) than that
of organic electrolytes (~1-10 mS cm™).[33, 34] Moreover, aqueous electrolytes possesss
inherent biocompatibility and excellent safety, avoiding the issues arisen from the flammability
and toxicity of organic electrolytes, thus they are appropriate for powering wearable electronics.
[35-40] Besides, aqueous rechargeable SIBs (ARSIBs) show better prospect than widely
investigated supercapacitors and zinc-ion batteries because the former are restricted by their
serious self-discharge and the latter are hampered by the dendritic growth of Zn metal anode.[21,
41] Nevertheless, to date, there are only few reports on constructing flexible electrodes for
wearable aqueous rechargeable SIBs (ARSIBs).[42, 43] Therefore, it is imperative to design and
prepare the binder-free electrodes with the rational architecture for high-performance flexible
ARSIBs.

Among various anode materials for ARSIBs, NaTi2(PO4)3 (NTP), one known member of Na

super ion conductor (NASICON) family with an open 3D framework, has been considered as



one of the most favourable anode materials for ARSIBs, due to its high ionic conductivity and
suitable negative voltage platform.[44-50] Unfortunately, the inherent poor electronic
conductivity and the difficulty in manufacturing flexible binder-free NTP-based anodes have
severely restricted their application in flexible ARSIBs. Electrospinning and subsequent
carbonization treatment are the effective way to prepare flexible binder-free electrodes for
energy-storage devices.[51-60] More importantly, the construction of one dimensional (1D)
carbon nanostructure not only facilitates the oriented and fast transmission of electronics and
ions, but also accommodates the stress change caused by the intercalation and deintercalation of
metal ions, especially for the ions with large ionic radius.[61, 62] Besides, the nanostructure
design of active materials plays an important role in electrochemical performance. Hollow
nanostructures have been widely adopted as an effective procedure to upgrade the physical and
chemical properties of target materials in energy-storage research fields.[63-65] The electrode
materials with hollow structures would possess numerous unique advantages, such as exposing
large accessible specific surface area, reducing the distance of ion diffusion and accommodating
the volumetric change during the procedure of charge and discharge, which could make
contribution to the improvement of rate performance, specific capacity, and cycle stability.[66-
68] However, the preparation of most electrode materials with hollow structures requires
multiple steps or templates, resulting in complex processes and high costs.[69, 70] Thus,
developing a facial and effective method remains a great challenge for constructing a flexible
binder-free NTP-based electrode for FARSIBs with long-term cycling stability and high-rate
capacity.

In this work, rugby-like NTP nanoparticles with hollow structures (HNTP) were

synthesized by a modified mild solvothermal method, and then were uniformly embedded in



polyacrylonitrile (PAN) polymer fibers via electrospinning technique, followed by carbonization
treatment, which led to the encapsulation of HNTP nanoparticles within porous N-doped carbon
nanofiber (HNTP@PNC). Contributed by the continuous conductive networks composed of
interlaced 1D carbon nanofibers and the unique hollow structure, the resulting HNTP@PNC film
electrode delivered outstanding rate performance (87.1% at 5.50 A g') and specific capacity
(124.4 mAh g! at 0.275 A g!) as well as cycle stability (97.2% of initial capacity after 3000
cycles). Coupling with potassium zinc hexacyanoferrate arrays expanded on the surface of
carbon nanotube films (CNTF@KZHCF) cathode, a flexible quasi-solid-state ARSIB was
successfully gathered by employing HNTP@PNC film and CNTF@KZHCEF as the binder-free
anode and cathode. Encouragingly, the resulting ARSIB displayed offered prominent
electrochemical performance and excellent mechanical flexibility. This work provides instructive
material engineering for rational construction of binder-free NTP-based anodes aiming at

wearable aqueous sodium-ion storage.
Experimental Section

Synthesis of rugby-like HNTP.

Solvothermal method that is a simple one-step method was used for synthesis of rugby-like
HNTP. Generally, 1 mL TiCl; solution containing 30%wt of HCI was added into 30 mL. mixed
solution (volume ratio of ethylene glycol and ethanol is 1:1) by drop and drop under continuous
stirring. In the same way, 1 mL H3PO4 was added into the above solution after mixing for 30 min.
Then, put 1 g NaH>PO4-2H>0 into the mixed solution and stir for 30 min. Next, the as-prepared
reaction solution was placed into a 50-mL reaction vessel and kept at 150 °C for 6 h. After cool
down to room temperature, the HNTP powders were collected by filtration and rinsed with

ethanol and distilled water. Finally, the acquired powers were dried at 60 °C for 24 h. Besides,



the NTP with solid structure was prepared with same conditions except for the reaction solution,
in which the reaction solution is 30 mL ethylene glycol without ethanol.

Synthesis of HNTP@PNC.

0.2 g of the as-prepared HNTP power was placed into 2.5 g dimethylformamide (DMF)
solvent and then sonicated and stirred for 3 h, followed by addition of 0.4 g Polyacrylonitrile
(PAN, Mw=150,000 g mol!). After stirring for 24 h, the as-obtained solution was converted to a
homogeneous white suspension. Then, a 2.5 mL syringe fitted out with a 21 gauge-steel blunt tip
needle was filled with the precursor suspension. The injection speed and applied voltage were
1.0 mL h'! and 15 KV, respectively. Additionally, the collection device is a cylindrical drum with
a diameter of 10 cm and the rotate speed was 2000 rpm. The as-spun HNTP@PAN film was
dried at 80 °C under vacuum for 24 h and subsequently stabilized under air atmosphere at 250 °C
for 3 h. Finally, the stable HNTP@PAN film was carbonized by a stepwise calcination method
(kept at 450 °C and at 800 °C for 2 h) with a ramping rate of 1 °C min™! under Ar atmosphere to
obtained flexible HNTP@PNC film and then the obtained film and CNTF were pressed together
by a hot-pressing treatment for 3 h for the electrochemical tests as a flexible binder-free electrode
(HNTP@PNC). For comparison, SNTP nanoparticles were prepared by same method to obtain a

binder-free film electrode.
Results and Discussion

As shown in Fig. 1a, NASICON-type structured NTP is consisted of TiOs octahedrons and
POy4 tetrahedrons, which are connected to each other through oxygen atoms. A facial and mild
solvothermal method was employed to synthesized rugby-like solid NTP (SNTP) (Fig. S1). To
achieve better physical and chemical properties, rugby-like hollow NTP (HNTP) was prepared

via altering the reaction solvent. The images of transmission electron microscopy (TEM) and



scanning electron microscopy (SEM) show uniformly distributed HNTP nanoparticles with an
average size of 400 nm (Figs. 1b and 1c). For HNTP particles, the thickness of shell is about 15
nm as verified in TEM image (Fig. S2). Besides, elemental mapping images of energy-dispersive
X-ray (EDX), shown in Fig. 1d, illustrate the homogeneous placement of elements like Na, Ti, P,
and O, which further confirm the hollow structure. Moreover, the energy dispersive spectroscopy
(EDS) results, shown in Fig. le, clearly demonstrate that the atomic ratios of elements O: P: Ti:
Na is about 12: 3: 2: 1. These results are in good agreement with the molecular formula of NTP.
From the high-resolution TEM image (Fig. 1f), the clear lattice fringes with an interplanar
placing of 0.365 nm correspond to the (113) plane of the NTP. Furthermore, the pattern of
Selected Area Electron Diffraction (SAED) (Fig. 1g) shows bright diffraction spots, implying
high crystal nature of HNTP. The crystal structures of solid NTP and HNTP were also analyzed
by XRD pattern in Fig. 1h. It is worth to emphasize that all diffraction peaks of SNTP and HNTP
are almost identical and coincide with the NaTi2(PO4)3 (JCPDS card No. 33-1296), which
suggests that the transformation of NTP from solid structure to hollow structure makes no
influence on the structural composition of the material. Measurements for N> adsorption-
desorption were carried out in order to investigate the change of surface area of solid and hollow
structure, as shown in Fig. 1i. The surface areas of SNTP and HNTP are 38.8 and 64.7 m?2 g‘l,
revealing that the design of hollow structure enlarges the surface area of active materials. The
HNTP with large surface area is beneficial to achieve more abundant active reactive sites, faster

ion diffusion and more stable electrochemical performance.

To investigate the formation mechanism of hollow structure, we have performed TEM
characterization on samples obtained at different solvothermal reaction times. As shown in Fig.

S3b, the powder obtained after reaction for 1 h exhibits solid rugby-like structure with an



average size of 250 nm. After reacting for another hour, the particle size has been further
increased and the core-shell structure phenomenon has begun to appear (Fig. S3c). As the
reaction time increases, the volume of core gradually decreases (Fig. S3d). Upon prolonging
reaction time to 6 h, the core disappears and the core-shell structure transfers to hollow structure,
as shown in Fig. S3e. Based on the above results, a possible mechanism for the formation of
rugby-like NTP with hollow structure has been illustrated in Fig. S3a, which may be attributed to
an Ostwald ripening process. Interestingly, in the case of a single reaction solvent (ethanol or
ethylene glycol), the Ostwald ripening phenomenon would not occur as reaction time increases,
accordingly not forming the hollow structure, as shown in Figs. S1 and S4. Therefore, the
mixture of ethanol and ethylene glycol could promote the process of dissolution and

recrystallization, becoming the key factor in forming a hollow structure.

To prepare flexible binder-free electrodes, the fabrication procedure with electrospun and
subsequent annealing treatment is schematically shown in Fig. 2a. Firstly, the as-obtained rugby-
like HNTP nanoparticles were dispersed in a polyacrylonitrile/dimethylformamide (PAN/DMF)
solution with vigorous stirring to form a homogeneous electrospun solution. Subsequently, the
voltage between needle and drum was 15 KV and injection speed was 1 mL h!. Finally, the
obtained HNTP@PAN nanofiber hybrid film (Fig. S5) was annealed at 250 °C at air atmosphere
and further carbonized at 800 °C in Ar atmosphere to obtained HNTP@PNC nanofibers. During
the PAN carbonization, nitrogen doping and porous structure of the carbon nanofibers were
presented due to the releasing gases and N-rich character of PAN. As revealed by SEM images
(Figs. 2b and S6), the obtained HNTP@PNC hallmark a reticular shape interlinked by rough
nanofibers. Compared with the PNC nanofibers without adding HNTP nanoparticles (Fig. S7),

the rough surface of the HNTP@PNC sample elucidates that the HNTP nanoparticles were



tightly encapsulated by the carbon nanofibers (Figs. 2c and 2d). As elucidated by high-resolution
TEM image (Fig. 2e), the surface of HNTP is uniformly covered with a thin layer of amorphous
carbon. Fig. 2f displays EDS element mappings of the HNTP@PNC nanofiber, verifying an even
distribution of elements (O, Na, P and Ti,) along the entire framework of fibrous N-doped carbon.
A flexible binder-free film electrode using SNTP as active material, denoted as SNTP@PNC,
was assembled by the same technique for the purpose of comparison. It is clearly seen from the
SEM image in Fig. S8 that the SNTP is evenly distributed in the porous N-doped carbon

nanofibers.

The crystal structure and chemical composition of the obtained HNTP@PNC film were
characterized by XRD, Raman, and XPS (X-ray photoelectron spectroscopy), as presented in Fig.
3. XRD pattern of HNTP@PNC film is shown in Fig. 3a, in which all the diffraction peaks are
indexed to the NaTi»(PO4); (JCPDS card No. 33-1296), except for the broad characteristic peak
of PNC. Raman spectrum of HNTP@PNC film (Fig. 3b) exhibits the apparent D and G bands,
implying the existence of disordered amorphous carbon and crystalline graphic carbon. The
higher relative intensity of D band reveals the amorphous features of carbon nanofiber, which is
coincided with the result of high-resolution TEM. Besides, the weight percentage of NC could be
analyzed via the weight loss from the thermogravimetric measurement in Fig. 3¢, where a weight
loss of 32.1 wt% is the NC content. The full XPS spectrum in Fig. S9 displays the signals of Na,
Ti, P, O, C, and N, which strongly complies with the result of elemental mapping. The peak at
1072.2 eV is corresponding to the Na 1s (Fig. 3d ). For the spectrum of Ti 2p, two main peaks
located at 460.1 eV and 466.0 eV, can be allocated to the 2p3;» and 2pi» components of Ti%,
while two other peaks at 458.3 eV and 464.6 eV correspond to the lower titanium oxidation

states of Ti** (Fig. 3e), implying the valence state of Ti is mainly +4. The XPS spectrum (Fig. 3f)



of P 2p can be assigned to two peaks of 2pi2 (134.5 eV) and 2p32 (133.6 eV). Fig. 3g exhibits
the high-solution O 1s spectrum, in which the fitted peaks locate at 531.5 eV, 532.6 eV and 533.2
eV. The peak at binding energy of 531.5 eV can be ascribed to the Na-O-P, Ti-O-P, and P=0,
while the peaks at 532.6 eV and 533.2 eV correspond to P-O-H and C-O, respectively. As shown
in Fig. 3h, the spectrum of C 1s could be divided into three peaks of C-C (284.7 V), C-O (286.0
eV), and O-C=0 (288.3 eV). The XPS spectrum of N 1s (Fig. 3i) distinctly demonstrates the
existence of pyrrolic-N, pyridinic-N, and pyridine-N-oxide, further confirming the successful

preparation of NC.

The electrochemical properties of the binder-free HNTP@PNC film electrode were
examined in a three-electrode system using 1 M NaClO4 as the aqueous electrolyte. Fig. 4a
shows the comparison CV curves of HNTP@PNC and PNC film electrodes at a scan rate of 5
mV s'. In contrast to the PNC electrode, the HNTP@PNC electrode with the same length
displays much larger CV area, implying that PNC makes very little contribution to the capacity
of HNTP@PNC electrode. The electrochemical performance of HNTP@PNC and SNTP@PNC
electrodes was further estimated by galvanostatic charge-discharge (GCD) curves at a current
density of 1.10 A g in Fig. 4b, both of which depict obvious charge/discharge plateaus,
corresponding to the equilibrium voltage of Ti**/Ti**. Moreover, HNTP@PNC electrode has
longer discharge plateau and lower voltage hysteresis compared with SNTP@PNC electrode,
suggesting that HNTP@PNC delivers higher capacity and faster kinetics. The improvement of
kinetics 1s further demonstrated by electrochemical impedance spectroscopy (EIS) measurements.
As illustrated in Fig. 4c, HNTP@PNC electrode possesses greater slope than that of
SNTP@PNC electrode in the low frequency region, which further implies a faster diffusion and

transport of Na* during process of charge-discharge. All the CV curves in Fig. 4d clearly



illustrate symmetrical redox peaks and maintain the same shape at different scan rates, indicating
highly reversible electrochemical reaction. Besides, the corresponding b values (slope values) of
peak 1 and 2 are calculated to be 0.59 and 0.73 (Fig. 4e), revealing a process combined with
surface-controlled and diffusion-controlled.[71-75] Fig. 4f depicts the GCD curves of the
HNTP@PNC electrode at different current densities from 0.275 A g to 5.50 A g, which
possess a stable discharge plateaus at -0.65 to -0.80 V. Notably, the HNTP@PNC electrode could
deliver higher specific capacity of 124.4 mAh g at a current density of 0.275 A g'! and capacity
retention of 87.1% of initial capacity at 5.50 A g'! (Fig. 4g), whereas the NTP@PNC electrode
only achieves a relatively low capacity (100.2 mAh g') and 63.6% capacity retention, indicating
that the design of hollow structure is conducive to the improvement rate performance and
specific capacity. More importantly, the HNTP@PNC exhibits excellent electrochemical stability
with 97.2% of the initial capacity after 3000 cycles at a current density of 5.50 A g'!. In addition,
the SEM, TEM, and XRD measurements were carried out to investigate the morphological and
structural evolutions of HNTP@PNC after cycle test, as shown in Figs. S10 and S11. By contrast,
the SNTP@PNC only maintains 80.1% of initial capacity after 3000 cycles. These inspiring
results of HNTP@PNC electrode might be attributed to the different reasons which are discussed
here. Firstly, the design of hollow structure with the functional thin shells and the inner voids can
lead to an increase in specific surface area accessible to the electrolyte, accordingly delivering
higher specific capacity than the solid structure. Besides, the hollow structure and binder-free
electrode shorten ion diffusion length and form a continuous conductive network, whose
combination can facilitate the fast diffusion and transport of ions and electronics, further

improving the rate performance. Moreover, the rational design of HNTP@PNC could



accommodate the volumetric change of electrode materials during the ion insertion and

extraction, especially for Na* with large ionic radius, thereby achieving excellent cycle stability.

To clearly reveal the storage mechanism of NTP-based electrode, ex-situ XPS measurement
was carried out to explore the valence states of Ti under different charge-discharge states. As
shown in Fig. S12, when the NTP-based electrode is at 0 V or initial state, the peaks of Ti 2p
mainly located 460.1 and 466.0 eV, which corresponds to Ti**. When charged to -1.2 V, the
location of main peak (Ti 2p32) shifts to 458.3 eV, implying that Ti** is reduced to Ti** with the
insertion of Na*. During the subsequent discharging process, the peaks of Ti 2p return to the
initial position, which indicates that the Ti** is oxidized to Ti*, meanwhile demonstrating high
reversibility of the electrochemical reaction. Based on above analysis, the reaction equation of

the anode is as follow:

NaTi2(PO4); + 2 Na+ + 2 e- — NazTi2(PO4)3

Density functional theory (DFT) simulation was performed to explore the mechanisms of
the Na ion storage in NTP@NC. Generally, the NxTP primitive cell for x = 1, 2, 3 and 4 consists
of an open framework of corner sharing PO, tetrahedra and TiOs octahedra with two different
sites available for occupation of Na. These sites are M1 (Wyckoff: 6b (0, 0, 0)) and M2 (Wyckoft:
18e (x, 0, 1/4)) (as shown in the inset). At low sodium content (x = 1), Na ions occupy the M1
site, while the intercalated Na ions at high sodium content (x > 1) occupy the M2 site. In this
study, a layer of NC sheet placed on the (011) surface of the NTP primitive cell was employed to
model the NTP@NC interface structure. It is found that the distance between NTP and NC at the
NTP@NC interface as shown in Fig. 5a and 5b, is around 3.0 A, suggesting the physical

interaction between the NTP and NC. The calculated density of sates of NTP and NTP@NC in



Fig. 5c clearly shows a significant shift from the valence band towards the conductive region
upon the addition of the N-doped carbon with NTP, which illustrates that NTP@NC has become
greatly metallic in nature, and thus, consequently becomes conductive, which is beneficial to the
performances of the battery. To investigate the Na storage abilities of NTP, the formation
energies of Na ion intercalation into NTP were calculated and illustrated in Fig. 5d. It is found
that the Na ions prefer to intercalate into NTP, since the formation energy keeps decreasing until
4 additional Na ions intercalate into an NTP primitive cell, in which there are 2 original Na ions
to form N3TP. The slightly increased formation energy of N4TP compared with N3TP suggests
that it is not easy to form the N4TP in reality, which consists quite well with our experimental
observations. To further investigate the ion conductivity of NTP@NC, the ionic diffusions were
considered. The Na ion diffusion through NC was firstly calculated as shown in Fig. Se. It is
clearly found that although the diffusion barrier through NC with a single vacancy is as high as
4.64 eV, two/three vacancies dramatically reduce the barriers to only 1.39/0.91 eV. Actually,
multiple vacancies have been found to be thermodynamically favored over the single vacancy in
the carbon sheets, guaranteeing the easy passing of Na ions through NC to be stored in NTP. In
order to investigate the Na ion mobility in NTP and NTP@NC which dramatically determines
the charging/discharging rate of the battery, the Na ion diffusion paths and the corresponding
barriers for the NTP bulk and NTP@NC interface were calculated through the nudge elastic band
(NEB) method as shown in Figs. 5f and S13. The M1 and M2 sites of NxTP provide three
diffusion paths for Na ions, which are Nam; to Namz (pathl), Namz to Nami (path2) and Nam: to
Nam: (path3), where Nami and Nawmz present the Na ions located in M1 and M2 sites. It is found
that the diffusion barriers between adjacent M1 and M2 sites (pathl and path2) are relatively

small (0.5 ~ 0.6 eV), while the diffusion barriers between adjacent M2 sites (path3) are higher



(1.8 eV) in bulk NTP. Strikingly, the diffusion barrier along path3 pronouncedly decreases by 1.0
eV at the interface of NTP@NC, while the diffusion barriers along pathl and path2 almost
remain unchanged (0.6 ~ 0.7 eV). This ion diffusion property in NTP@NC is instrumental in the
electrochemical kinetics for Na ion storage, since the ions can quickly spread at the NTP@NC
interface along all the three diffusion paths, and then intercalate into the NTP along pathl and

path2.

Prussian blue analogs have been widely investigated as cathode materials for alkali metal
ion batteries.[76-78] Recently, we developed a facial and mild method to grow cube-like KZHCF
on carbon cloth as the binder-free cathode for wearable ARSIBs, exhibiting excellent
electrochemical performance and mechanical flexibility.[79] In this study, KZHCF arrays were
successfully prepared on light and highly conductive carbon nanotube film (CNTF) as the
cathode. Fig. S14 shows the SEM image of CNTF composed of intertwined CNTs, which is a
promising flexible conductive substrate. Homogeneous and thin metal Zn nanosheets are grown
on CNTF surface by a simple electrochemical deposition (Fig. S15). The XRD pattern (Fig. S16)
exhibits that all diffraction peaks can be indexed to the standard hexagonal zinc (No. 87-0713).
After subsequent redox process, the polyhedron-like KZHCF arrays are successfully synthesized
using metal Zn nanosheets as the Zn source and reducing agent, as shown in Fig. S17. The TEM
image (Fig. S18) further confirms the polyhedron-like structure with a size of ~1 pm. The crystal
structure of the obtained CNTF@KZHCEF is analyzed by the XRD pattern (Fig. S19), and all of
the characteristic peaks can be well indexed to those of the standard K>Zn3(Fe(CN)s)2-9H20
(JCPDS # 33-1061). Besides, the chemical composition of KZHCF is further confirmed by the
XPS spectra (Fig. S20). The electrochemical performance of as-prepared CNTF@KZHCF was

explored in a three-electrode system with 1 M NaClOs as aqueous electrolyte. Fig. S21a displays



the CV curves of CNT@KZHCF at different scan in 1-5 mV s range with sharp and symmetry
redox peaks. GCD curves of the as-prepared CNT@KZHCF cathode at various densities of
current in 0.5-10 mA cm™ range are presented in Fig. S21b, again exhibiting typical battery-like
behavior. Remarkably, the CNT@KZHCEF delivers a high capacity of 0.114 mAh cm™ at 0.5 mA

cm? and still retains 0.086 mAh cm?Zat 10 mA cm™2.

As depicted in Fig. 6a, a flexible quasi-solid-state belt-like ARSIB is assembled with
HNTP@PNC film and CNTF@KZHCEF as the anode and cathode. The illustrations of the crystal
structures of open-framework cathode and NASICON anode for as-assembled ARSIB are
displayed in Fig. 6b, which are capable to achieve fast and reversibly insertion/extraction of Na*.
In addition, both these CV curves of the anode and cathode consist of a pair of strong redox
peaks, which can be expected to construct a full cell with a high voltage (Fig. 6¢). Consequently,
a pair of typical redox peaks are observed at scan rate from 1 to 5 mV s! in the range of 0.6-1.9
V for each CV curve of the as-assembled ARSIB (Fig. 6d). To investigate the kinetics for Na*
storage, the b values calculated from its CV curves are shown in Fig. S22. The b values,
corresponding to peak 1 and 2, are 0.80 and 0.74, likewise belonging to a combination of
surface-control and diffusion-control.[22] Evidently, the calculated capacitive contributions
significantly increase from 50.3% to 71.0% with scan rates from 1 to 5 mV s (Figs. 6e and 6f).
Benefiting from the relatively high capacitive ratio, it is expected that our ARSIB has excellent
rate performance. Fig. 6g shows the GCD curves of our device at different current densities with
stable discharge plateaus between 1.4 and 1.6 V. Impressively, a high volumetric capacity of 24.5
mAh c¢cm™ is achieved at a current density of 0.04 A cm™, while 62.0% of the initial capacity can
be still retained when the current density increased to 0.8 A cm™, displaying an outstanding rate

capability. Besides, the specific capacity based on the total mass of anode and cathode active



materials is calculated to be about 32.3 mAh g at 0.04 A cm™. Note that energy and power
densities are extremely important parameters for energy storage device. The Ragone plots in Fig.
6h compare the volumetric energy and power densities of our ARSIB with other flexible aqueous
energy-storage devices (FAESDs). More encouragingly, an admirable energy density of 39.2

mWh cm™ at a power density of 64 mW cm

was achieved, which still retained an energy
density of 21.0 mWh cm™ at a high power density of 1104 mW cm? for our device, exceeding
those of previously reported FAESDs, such as CNTs//Fe304-C battery-supercapacitor hybrid
device [80], Ni//Fe battery [81], MnO2//Fe>O3 supercapacitor [82], VOx//VN supercapacitor [83],
Co//Zn battery [84], Ni//Zn battery [85]. Concurrently, the mass energy and power densities of
our device are exhibited in Fig. S23. As observed in Fig. S24, the as-assembled flexible ARSIB
harvests an impressive capacity retention of 89.6% after 200 cycles with a maintenance of 100%
Coulombic efficiency, revealing its remarkable long-cycle performance. Due to its flexible
electrode materials and gel electrolyte as used, our ARSIB is expected to be highly flexible. The
as-assembled ARSIB can be bent at different angles with negligible capacity decay (Fig. 6i),
thereby implying its excellent mechanical stability. In addition, the bending stability of the
device was tested as shown in Fig. S25, and only about 10.2% of initial capacity loss was
observed after bending for 500 cycles at 90°. The output voltage and capacity are doubled when
two flexible batteries are connected in series (Fig. S26a) or in parallel (Fig. S26b), respectively.
As a demonstration of practical applications, two series-connected assembled devices can

illuminate a blue LED (Fig. S27). Notably, two batteries still function well regardless of bending

or squeezing.

Conclusion



In summary, through feasible electrospinning and thermal treatment processes, NTP
nanoparticles with hollow structure were confined delicately in porous N-doped carbon
nanofibers. When evaluated as flexible binder-free anode for ARSIB, the rationally designed
NTP@PNC film took advantage of the fast ion diffusion, increased surface area, continuous
conductive network and strong accommodation for stress change, yielding high specific capacity
accompanied with prolonged cycle life and excellent rate capability. As evidenced by theoretical
calculations, HNTP with NC coating dramatically facilitated the electrons and Na* ions diffusion
kinetics. Furthermore, by adopting well-designed HNTP@PNC film electrode as anode and
CNTF@KZHCF electrode as cathode, a flexible quasi-solid-state ARSIB was successfully
assembled with high output voltage platform of 1.6 V, achieving high volumetric capacity (24.5
mAh cm™) and admirable energy density (39.2 mW h cm3). Thus, our work not only develops a
new high-performance and flexible NTP-based anode material for wearable ARSIB, but also

gives guidance on binder-free electrode designs for next-generation energy storage devices.
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Figs Captions
Fig. 1 (a) Graphic representation of the NTP crystal structure. (b) SEM image, (c) TEM image,
(d) elemental mapping analysis of Na, Ti, P, and O, (e) EDS spectrum (Inset is the atomic
percentage), (f) high-resolution TEM image, (g) the corresponding SAED pattern, and (h) XRD

pattern of HNTP. (1) Nitrogen adsorption-desorption isotherms of HNTP and SNTP.

Fig. 2 (a) Schematic fabrication process of HNTP@PNC film. (b-c) Morphological analysis
carried out with SEM, (d) Morphological analysis carried out with TEM (e), Morphological
analysis carried out with high-resolution TEM, and (f) elemental mapping analysis of C, N, O,

Na, Ti, and P of HNTP@PNC film.

Fig. 3 (a) XRD pattern and (b) Raman spectrum of HNTP@PNC film. (¢) TG curves of HNTP
and HNTP@PNC film. X-ray photoelectron spectroscopy (XPS) spectra of (d) Na 1s, (e) Ti 2p,

() P 2p, (g) O 1s, (h) C 1s, and (i) N 1s for HNTP@PNC film.

Fig. 4 (a) Cyclic voltammetry (CV) curves comparison at 5 mV s! of PNC film and
HNTP@PNC film. Comparative (b) galvanostatic charge-discharge (GCD curves) at 1.10 A g’!
and (c) Nyquist plots of SNTP@PNC film and HNTP@PNC film. (d) Cyclic voltammetry (CV)
curves at various scan rates, (e) the corresponding b values, and (f) GCD curves at various
current densities of HNTP@PNC film. (g) Rate capability at various current densities from 0.275
to 5.50 A g, (h) long-term cycling performance with the corresponding Coulombic efficiency at

5.50 A g'! of HNTP@PNC film.

Fig. 5 Theoretical investigations of NTP@NC: Optimized structure of NTP@NC form the (a)
side and (b) top view; (c) Calculated density of states of NTP and NTP@NC; (d) Formation

energy of Na intercalations into NTP to form NxTP (x=1, 2, 3, and 4); (e) Diffusion barriers of



Na ions through NC sheets with 1-3 vacancy defects; (f) Diffusion barriers of Na ions along
three diffusion paths for the NTP bulk, NTP surface and NTP@NC interface. Inset illustrates the

M1 and M2 occupation sites of Na, as well as the three diffusion paths.

Fig. 6 (a) Schematic diagram of flexible quasi-solid-state ARSIBs with a sandwiched structure.
(b) Schematic illustration of reversible Na* intercalation/deintercalation during charge/discharge
process for HNTP//KZHCF ARSIB. (¢) CV curves of HNTP@PNC anode and CNT @ KZHCF
cathode in the 1 M NaClO4 aqueous electrolyte at 5 mV s!. (d) CV curves of our ARSIB at
various scan rates. (e) Capacitive (red) and diffusion-controlled contribution to charge storage at
5 mV s! for our flexible battery. (f) Capacitive and diffusion-controlled capacities for the ARSIB
at various scan rates. (g) GCD curve of the assembled flexible ARSIB at various current
densities. (h) Volumetric energy and power densities of the assembled device compared with
previously reported flexible aqueous energy-storage devices. (i) GCD curves of our device under

different bending angles from 0° to 180°.
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Fig. 1. (a) Graphic representation of the NTP crystal structure. (b) SEM image, (c) TEM image,
(d) elemental mapping analysis of Na, Ti, P, and O, (e) EDS spectrum (Inset is the atomic
percentage), (f) high-resolution TEM image, (g) the corresponding SAED pattern, and (h) XRD

pattern of HNTP. (i) Nitrogen adsorption-desorption isotherms of HNTP and SNTP.



Fig. 2. (a) Schematic fabrication process of HNTP@PNC film. (b-c) Morphological analysis

carried out with SEM, (d) Morphological analysis carried out with TEM (e), Morphological
analysis carried out with high-resolution TEM, and (f) elemental mapping analysis of C, N, O,

Na, Ti, and P of HNTP@PNC film.
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Fig. 4. (a) Cyclic voltammetry (CV) curves comparison at 5 mV s! of PNC film and
HNTP@PNC film. Comparative (b) galvanostatic charge-discharge (GCD curves) at 1.10 A g!
and (c) Nyquist plots of SNTP@PNC film and HNTP@PNC film. (d) Cyclic voltammetry (CV)
curves at various scan rates, (e) the corresponding b values, and (f) GCD curves at various
current densities of HNTP@PNC film. (g) Rate capability at various current densities from 0.275
to 5.50 A g”!, (h) long-term cycling performance with the corresponding Coulombic efficiency at

5.50 A g'! of HNTP@PNC film.
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Fig. 5. Theoretical investigations of NTP@NC: Optimized structure of NTP@NC form the (a)
side and (b) top view; (c) Calculated density of states of NTP and NTP@NC; (d) Formation
energy of Na intercalations into NTP to form NxTP (x=1, 2, 3, and 4); (e) Diffusion barriers of
Na ions through NC sheets with 1-3 vacancy defects; (f) Diffusion barriers of Na ions along
three diffusion paths for the NTP bulk, NTP surface and NTP@NC interface. Inset illustrates the

M1 and M2 occupation sites of Na, as well as the three diffusion paths.
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Fig. 6. (a) Schematic diagram of flexible quasi-solid-state ARSIBs with a sandwiched structure.
(b) Schematic illustration of reversible Na* intercalation/deintercalation during charge/discharge
process for HNTP//KZHCF ARSIB. (¢) CV curves of HNTP@PNC anode and CNTF@KZHCF
cathode in the 1 M NaClO4 aqueous electrolyte at 5 mV s™. (d) CV curves of our ARSIB at
various scan rates. (e) Capacitive (red) and diffusion-controlled contribution to charge storage at
5 mV s for our flexible battery. (f) Capacitive and diffusion-controlled capacities for the ARSIB
at various scan rates. (g) GCD curve of the assembled flexible ARSIB at various current densities.
(h) Volumetric energy and power densities of the assembled device compared with previously

reported flexible aqueous energy-storage devices. (i) GCD curves of our device under different

bending angles from 0° to 180°.
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