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Rechargeable, aqueous Zn-ion batteries in a neutral or mildly acidic electrolyte have attracted great attention.
The fabrication of binder-free electrodes to boost the Zn?* transport is extremely desirable for the development
of aqueous zinc-ion batteries but remains a big challenge. Herein, we revealed a spontaneous knitting behaviour
in 6.7 nm thin, flexible (NH,), 35V,05 nanoribbons by a hydrothermal route to form binder-free paper cathode
for aqueous zinc-ion batteries. Conductive multi-walled carbon nanotubes (CNTs) was also successfully imbedded
into this paper to enhance the electronic conductivity and produce abundant meshes (pore size: 1-3 um) inside the
paper. Taking advantage of the binder-free design and the porous architecture of the paper cathode, it delivered
a reversible capacities of 465 mAh-g~! at 100 mA-g~!. A capacity retention of above 89.3 % after 500 cycles at
100 mA-g~! has been achieved. Importantly, the resulting paper electrode exhibited a specific energy as high as
343 Wh'kg~!, which remarkably outperforms most of the zinc-ion batteries based on powder form cathode with
the presence of polymer binder. Our work reveals a novel self-grown strategy for the binder-free, freestanding
electrodes on Zn?* ion storage from the ultrathin, flexible ammonium vanadates nanostructures, and it might be
applicable to the storage of other metal/non-metallic ions (Na*, Mg?*, Ca®*, Al**, NH,* etc.) in next-generation
electrochemical energy storage devices.

addition of polymeric binders (PVDF) are inevitable during electrode
preparation [32-36]. Note that the presence of polymer binder severely

1. Introduction

Rechargeable aqueous batteries are very promising owing to their
low-cost, high safety and environmentally friendly feature as compared
to the organic-based one [1,2]. Among various aqueous batteries, zinc-
ion batteries (ZIBs) has been considered as one of the most popular
energy storage devices. Remarkably, aqueous zinc-ion batteries (ZIBs)
deliver the prominent superiority of relatively resource sustainability
(abundant zinc resource reserve), better safety and environment friendly
(aqueous-based electrolyte), excellent volumetric energy density (nearly
5855 mAh-cm~3 compared to 2061 mAh-cm~3 for lithium ion batter-
ies) [3-8]. The development of aqueous ZIBs still faces key challenges
related to the design of advanced cathode materials to match high-
capacity Zn anodes. Up to date, the main cathode materials for ZIBs are
Prussian blue analogues, [9-12] manganese oxides, [13-20] vanadium-
based compounds, [21-28] quinone analogues [29-31]. In general, the
active materials in ZIB cathode are prepared in powder form and the
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blocks the transport of metal-ions at the current collector/active ma-
terial interface. Especially, the Zn?* diameter is close to that of Li*
and thus the charge density of Zn?* is much higher than Li*, which
induces a polarizing effect during the diffusion/transport process. Con-
sequently, Zn?* tends to be adsorbed to the C-F bonds in the polarizing
PVDF binder and the mobility of Zn?* significantly decreases, leading to
poor rate-capacity, cycling stability and limited energy density of the as-
assembled ZIBs [37]. In this respect, the fabrication of binder-free elec-
trodes to avoid the sluggish Zn?* transport kinetics in polymer binder
is extremely desirable.

Some bottom-up approaches have been proposed to achieve this de-
sign recently. One strategy is to in-situ grow active compounds on some
conductive substrates (such as nick foam, carbon clothes, etc.) [38-42].
Unfortunately, the in-situ growth strategy usually suffers from a low
mass-loading and non-uniform distribution of the active materials on the
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Fig. 1. (a) Schematic illustration of the spontaneous knitting process of ultrathin NVO nanoribbons/CNTs. Digital photographs of (b) the precursor suspension, (c,
d) the self-knitted NVO membrane adhered to autoclave wall. (e) The NVO paper-like sample with a yellow color after drying. The digital photographs of (f) the
precursor suspension with CNTs addition, (g, h) the NVO /CNTs membrane adhered to autoclave wall, and (i) the black, flexible NVO /CNTs paper after drying.

current collector, resulting in unsatisfied battery performance on energy
density and cycling stability. Another important strategy is to construct
artificial, freestanding membrane from mono-dispersed nano-building
blocks through a vacuum filtration strategy. However, such a process
is very time-consuming, and the thin-membrane fabricated by this ap-
proach cannot easily be peeled off from the filter membrane. The frac-
ture of membrane during the peel-off process leads to some fragments
with a limited size, which is generally unstable in liquid electrolyte and
remarkably hinders its battery applications [43-45]. Hence, it would be
quite ideal if a bind-free cathode can be grown directly during the prepa-
ration process. However, to the best of our knowledge, such a proposal
has never been realized and remains a challenge.

Herein, we accidentally found an interesting, spontaneous knitting
behaviour in 6.7 nm thin (NH,4), 33V,05 (NVO) nanoribbons by a hy-
drothermal route, resulting in a freestanding membrane adhered to hy-
drothermal autoclave wall. Such a membrane was easily transfered from
the autoclave wall into glass garden by a pair of tweezers to be a binder-
free, freestanding paper sample (Fig. 1). Conductive multi-walled car-
bon nanotubes (CNTs) was also successfully imbedded into this paper
to enhance the electronic conductivity and produce abundant meshes.
Optimized by the incorporation of conductive multi-walled carbon
nanotubes (CNTs) into this paper, the resulting (NH4)( 35V205/CNTs
(NVO/CNTs) hybrid paper delivered a very high reversible capacities of
465 mAh-g~! at 100 mA-g~!, and a capacity retention of above 89.3%
after 500 cycles at 100 mA-g~! when used a ZIB cathode. The energy
density of the as-constructed battery was as high as 343 Wh'kg~1, which
remarkably outperformed most of the zinc-ion batteries based on pow-
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der form cathode with the presence of polymer binder. We further real-
ized quasi-solid-state ZIBs from the self-knitted NVO/CNTs membrane
with excellent flexibility and mechanical stability.

2. Results And Discussion

We started our work by preparing a homogeneous aqueous suspen-
sion from the commercial NH,VO5; power with the controllable adjust-
ment of pH value to 6.0 by dropping hydrochloric acid (HCl, 2M) slowly
with continuous stirring. After 190°C hydrothermal treatment of the
aforementioned aqueous suspension, an orange colored membrane can
be observed in the autoclave continuously curved along the inner wall.
Such a membrane can be easily transferred from the autoclave into glass
garden by a pair of tweezers. After washing server times by deionized
water and ethanol, the self-grown film was dried at 60°C overnight with
a significant shrinkage in thickness (before drying: 2-3 mm, after dry-
ing: 20-30 microns, as shown in Fig. 1 b-i), which makes them similar
to paper-like sample on the morphology and texture. We found a hy-
drothermal temperature of 190°C is essential to form such a paper-like
sample with a high purity. Lower temperature less than this value gives
rise to some white precipitation on the surface of paper-like sample,
whcih cannot be removed by repeated water/ethanol washing (Fig. S1).

Fig. 2a shows X-ray diffracyion (XRD) data of the as-grown paper-
like sample. Most of the diffraction peaks well match the mono-
clinic (NH4)33V205 (JCPDS No. 27-1019). Very sharp (00D (I = 1,
3) diffraction peaks were detected with much higher intensity than
other peaks, indicating the as-grown NVO is highly crystallized with
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Fig. 2. (a) XRD patterns of pristine NVO paper and NVO/CNTs composited paper (inset is the corresponding photograph, respectively). The additional peak at
20 = 24.5° is due to the CNT diffraction peak, and the peak at 26 = 34.6° may contibute from some impurity. (b) The atomic structure of layered NVO crystal. (c)
Typical TEM image of NVO/CNTs hybrids. (d) SAED pattern and (e) HRTEM image of NVO nanoribbons. (f) AFM image of an individual nanoribbon. (j, h) SEM
images of NVO/CNTs hybrid film. Inset is the corresponding cross-section SEM image showing the thickness. (i) EDS elemental mappings for V, O, N and C elements

in the NVO/CNTs composite film, respectively.

a preferred [001] orientation. As shown in Fig. 2b, the monoclinic
NVO unit cell is consisted of distorted, edge-sharing VO4 octahedron
to form a stable bi-layered structure. The single-connected oxygen
atoms in the octahedron generate strong interactions with interca-
lated ammonium jons. The ammonium ions are inclined to serve as
“pillar” cations to stabilize the structure against volumetric changes
during the insertion/de-insertion processes of guest ions at the inter-
layer spacing. Note that the (001) interlayer spacing of NVO is esti-
mated as 9.67 A, which is much larger than those of the previously
reported NH,V30g1.9H,0, [46] NH,V,0;,, [47] Kq5V5050.76H,0,
[48] NayV0143H,0, [49] Cag 95V,05nH,0, [50] zinc pyrovanadate
[51]. Such a large interlayer spacing triggered from intercalated am-
monium ions would be beneficial for the Zn2t insertion and diffusion,
which is generally critical to the improvement of electrochemical per-
formance on specific capacity and rate capability [52,53].

Considered that ammonium vanadates generally suffer from low
electronic conductivity which significantly hinders the electron trans-
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port when it was used as battery electrode, we tried to incorporate
conductive multi-walled carbon nanotubes (CNTs) into this paper-like
sample. The negatively charged surface of both aqueous suspension
of NH,VO3 and carbon nanotube was determined by Zeta potential
measurement (Fig. S2). Thus, a stable colloidal suspension was readily
obtained through homogeneously mixing commercial NH,VO53 aque-
ous suspension and CNTs suspension followed by an ultrasonic treat-
ment with an optimized mass ratio of 8:1 (NVO: CNTs). After the hy-
drothermal treatment under the same condition, a self-grown mem-
brane along the autoclave inner wall can be also observed. The color
of this membrane changes into brown and seems very uniform, suggest-
ing the successful incorporation of carbon nanotubes inside the mem-
brane. Many strong diffraction peaks appear in the XRD pattern of
NVO/CNTs compared to the resulted pure NVO. It should be noteworthy
that most of these emerging diffraction peaks can also be indexed into
(NH,4)¢ 38V20s5 phase (such as (-113), (-121) plane, etc.). In general, a
highly [001] oriented sample just show (000 (1 =1, 2, 3...) diffraction



Y. Jiang, Z. Wu, F. Ye et al.

peaks with a much higher intensity compared with the isotropic sam-
ple. Accordingly, the appearance of other diffraction peaks suggests the
embedding of CNTs slightly decreases the arrangement orientation of
the NVO nanoribbons. Such a suppose is also confirmed by the distinct
change on the peak intensity ratios of various diffraction peaks to the
(001) peak after the incorporation of CNTs.

The morphology and chemical composition were checked by trans-
mission electron microscopy (TEM) and scanning electron microscope
(SEM) characterizations. TEM observation of the sample by an ultrasonic
treatment of the NVO/CNTs paper in ethanol solvent is shown in Fig. 2c-
e. The result demonstrates the presence of long NVO nanoribbons inside
the paper-like sample with a length of several ten microns and diameters
of 200—500 nm. The random bending state of these NVO nanoribbons
suggests its inherent flexibility, leading to the spontaneous knitting be-
havior as discussed below. We can also observe the carbon nanotubes
which are cross-linked with the bent NVO nanoribbons in Fig. 2¢c. The
corresponding selected area electron diffraction (SAED) pattern taken
from an individual NVO nanoribbon displays a single-crystal pattern
with rectangular arrangement of sharp diffraction spots (Fig. 2d). The
representative high-resolution TEM (HRTEM) images in Fig. 2e also in-
dicates the high crystallinity nature, and a well resolved 9.5 A spacing
of the lattice fringes agreeing well with the expected separation of (001)
planes, respectively (Fig. 1d). Note that the nanoribbons are almost
semi-transparent under TEM observation, indicating e-beam can pen-
etrate the sample due to their ultrathin thickness. In addition, the thick-
ness of an individual nanoribbon was accurately examined to be ~6.7
nm by tapping-mode atomic force microscopy (AFM) characterization
(Fig. 2f). Fig. 2j, 2h and Fig. S3 display typical SEM morphology of pris-
tine NVO and NVO/CNTs composited paper, respectively. SEM observa-
tion confirms that NVO nanoribbons and CNTs are randomly connected
with each other and self-assembled into continuous and interconnected
three-dimensional (3D) network with abundant meshes (pore size: 1-3
um). Such a porous structure would remarkably facilitate the penetra-
tion of liquid electrolyte, which ensures excellent ionic contact together
with the facilitated fast electron/ion transport. The uniform distribution
of CNTs in the NVO/CNTs paper has been further confirmed by the EDS
analysis as shown in Fig. 2i, which effectively inhibits the aggregation of
NVO nanoribbons and facilitate the electron transfer used electrode for
battery application. As a comparison, the TEM, SAED and EDS character-
ization of pure NVO paper was also performed (Fig. S4 and S5). It is clear
that the embedding of CNTs in this paper almost had no influence on the
NVO nanoribbon morphology. The cross-section SEM image in Fig. S6
suggests the thickness of this composited paper can be easily regulated
from 20 to 285 um by changing the concentration of precursor solu-
tion. The density of the 65 ym thick NVO/CNTs paper is 1.63 mg-cm™2,
which is slightly larger than 1.49 mg-cm~2 of common paper napkins
with the thickness of 78 ym. The mechanical tests of above resulted pa-
pers were performed using a WDW-0.1 electronic universal testing ma-
chine (Shanghai Bairoe Test Instrument Co., Ltd). Seen from the result
in the Fig. S7, the tensile strength of our 65 ym thick NVO/CNTs paper
is 0.38 MPa, reaches 70% of commercial paper counterpart. The resis-
tivity of these paper-like samples measured by a four-probe tester are
0.02 mQ:cm~! and 6320 mQ-cm~! for NVO/CNTs composite and pure
NVO, respectively, demonstrating the great enhancement on electronic
conductivity of the as-grown paper by carbon nanotubes introduction.

Although the real formation mechanism of such a paper sample
formed on the autoclave inner wall is still not very clear yet, we consider
that the main reason should be attributed to the intrinsic flexibility of
our very long NVO nanoribbons with a length of several ten microns
and diameters of 200—500 nm. Such a highly flexible one-dimensional
nanostructures are easily rolled up and spontaneously knitted into a pa-
per. Such a phenomenon is a little similar to the Chinese paper found
about 2000 years ago, which were also fabricated from long, natural
vegetable fibers. In our case, firstly, raw reagent ammonium vanadate
was reduction in hot acidic solvent, leading to heterogeneous nucle-
ation of NVO nucleus on the surface of autoclave inner wall owing to
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its unsmooth surface. These (NH,4)( 35V,05 nucleus may grow into an
ultra-long nanoribbon morphology along [001] direction confirmed by
the HRTEM image in Fig. 2e. Simultaneously, the as-grown ultra-long
NVO nanoribbon would self-knitted along the autoclave inner wall to
form a paper-like sample to gain the lowest systematic free energy.

The uniform, porous NVO/CNTs paper should be an ideal binder-free
electrode for ZIBs. The electrochemical properties were subsequently
measured in a typical coin-type cell with 2.0 M ZnSO, aqueous solution
as electrolyte. Fig. 3a shows the initial three cycles of cyclic voltam-
mograms (CV) plots for the textile electrode within a voltage window
of 0.2-1.5 V vs Zn/Zn%* at a scan speed of 0.1 mV-s~1. In the forward
scan, a sharp oxidation peak at 1.27 V was detected, demonstrating the
electrochemical de-intercalation of Zn?* from the layered NVO frame-
work. In the reverse scan, a series of reduction peaks at 1.02, 0.92 and
0.66 V continued by a smaller peak (1.38 V) suggests the intercalation
of Zn?* ions in the cathode. The origin of these reduction peaks could
be due to continuous reductions from V°* to lower oxidation states dur-
ing the electrochemical process. Noticeably, the first cycled CV profile
is different from the rest of the cycles in terms of their oxidation peak
positions. XRD measurements were carried out to investigate the phase
evolution during the first charging process (Fig. S8). The disappearance
of some important diffraction peaks of our NVO sample indicates the
irreversible structure change during the first charging process, which
should be the main reason for the different CV curves and specific ca-
pacity between the first cycle and the succedent cycles [54]. Note that
the following CV curves after this phase evolution generally delivers
satisfying electrochemical reversibility. In order to further clarify the
energy storage mechanisms of our NVO/CNTs paper cathode, a com-
parison experiments using aqueous electrolyte and H* absent organic
electrolyte (0.5 M ZnSO, in acetonitrile) was conducted. The CV curves
of the NVO/CNTs//Zn batteries in these two different electrolytes shows
almost the same CV peak positions with a slight peak offset (Fig. S9).
This result should provide evidence on the absence of proton intercala-
tion in our NVO/CNTs cathode. The slight peak offset should be ascribed
to the relatively sluggish kinetics of zinc-ion in the organic electrolyte
compared to that in the aqueous one.

Fig. 3b depicts the characteristic galvanostatic charge/discharge
profile of the paper-like electrode in the initial three cycles. The
charge/discharge plateaus are completely corresponding to the redox
peak position in the CV curve. From the 2nd cycle onward, the dis-
charge/charge curves are in high coincidence with each other, suggest-
ing a reversible and stable electrochemical performance. The rate capa-
bility of the NVO/CNTs electrode in the range of 0.2—1.5 V is evalu-
ated at various current densities (0.1-4 A-g~!) (Fig. 3c). The as-grown
binder-free electrode shows very high capacity of 460, 379, 330, 281,
256 and 203 mAh g~! at current densities of 0.1, 0.2, 0.5, 1, 2 and 4
A-g~1, respectively. When the current density is decreased back to 0.1
A-g~1, the capacity returns back to 448 mAh-g~1, demonstrating its out-
standing capacity retention at both low and high rates. The improved
rate-performance was also verified by the comparison with the con-
ventional electrode prepared through slurrying with PVDF or PTFE as
binder, respectively (Fig. 3c).

We then paid more attention on its long-term cycle performance. As
shown in Fig. 3d, our NVO/CNTs paper cathode delivers outstanding
long-term cyclability with an initial specific capacity of 465 mAh-g~!
and retained 89.3 % of the initial specific capacity after 500 cycles at
the rate of 0.1 A-g~. More than 80% of its initial capacity still remained
at a current density of 2.0 A-g~! (after 500 cycles), suggesting the ex-
cellent cycling stability of the NVO/CNTs paper sample. Even at a high
current density of 10 A-g~!, the electrode still delivers capacity reten-
tions of above 50% (Fig. S10). When compared with cycle performance
of the electrode with PVDF/PTFE as binder, the binder-free NVO/CNTs
sample presented an obvious dominance as expected. Equally unsur-
prisingly, the pure NVO paper control displays rather poor cycling sta-
bility, the capacity of which continues to decline drastically due to
its intrinsic low electrical conductivity and self-agreegation (Fig. S11).
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Fig. 3. (a) A representative CV curve of the NVO/CNTs paper electrode for the first to third cycles at a scan rate of 0.1 mV-s~. (b) Galvanostatic charge-discharge
voltage profiles at a current density of 0.4 A-g~!. (c) The rate capability at different current densities of three different electrodes: NVO/CNTs bind-free paper electrode

and binder-rich electrodes using PVDF and PTFE respectively (NVO: CNTs: PVD!

F/PTFE = 8:1:1). PVDF binder based cathode shows inferior rate-performance and

capacity retention than that using PTFE binder due to the possible swelling behavior of PVDF in aqueous electrolyte. (d) The cycle performance comparison between
the NVO/CNTs paper electrode and the control electrode prepared through slurrying with PVDF/PTFE as binder. (e) Ragone plots of our work compared to other

cathodes for aqueous ZIBs.

Additionally, the origin of the extraordinarily high cycling stability in
our NVO/CNTs cathode was further identified by the SEM observation
of the as-prepared electrode after 100 cycles. As shown in Fig. S12, the
3D network assembled from interconnected 1D nanostructures has been
well maintained without obvious structural damage, demonstrating the
robust structural stability to endure repeated Zn>* insertion/extraction,
leading to superior rate capability and cycling stability.

The superior Zn?* insertion/extraction performance of the
NVO/CNTs paper electrode is clearly shown in the Ragone plots by
comparison with previously reported cathode materials (based on the
active mass of cathodes) for aqueous ZIBs. As presented in Fig. 3e, our
electrode achieves the highest specific energy density of 343 Whkg™! at
a specific power density of 110 Wkg~!, and a decent energy density of

173 Wh'kg~! can be realized with a high specific power density of 3101
Wkg!. Such an outstanding performance remarkably outperforms most
of the ZIBs based on powder form cathode with the presence of polymer
binder reported recently including VS,, [55] Zn3V,0,(OH),H,O,

[51] NH4V40q9, [47] ZnyVgOye, [49]  (NH,),V;00,5:8H,0,
[54] NaV30g1.5H,0, [56] Zng,sV,05nH,0, [57] ZnMn,O,,
[58] MnyOs, [59] NagV,(PO,),Fs, [60] ZnHCF, [61] GuHCF,

[62] oxygen-deficient VgO;3 [63]. Furthermore, the gravimetric
energy density of NVO/CNTs//Zn battery based on the active materials
in both cathode and anode is 40.94 Whkg~!, which is much higher
than that of typical commercial supercapacitors (5-10 Wh'kg~1) and
comparable to the existing commercial lead-acid batteries (30-40
Whkg™1).
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The as-observed excellent Zn?* storage performance should be as-
cribed to their structural merits in several aspects: (i) The binder-free de-
sign guarantees the absence of any organic polymer, and avoids the ad-
sorption between high charge density of Zn?* and the polarizing bonds
in the polymeric binder, which significantly facilitates the enhancement
on Zn?* mobility during the charge/discharge processes. (ii) The cross-
linked networks of flexible NVO nanoribbons and CNTs provide con-
tinuous electronic migration pathways in all directions. Other than the
conductivity, CNTs in this internal cross-linked structure effectively in-
hibits the self-aggregation of electrochemical active NVO nanoribbons
and prevents mechanical failure upon repeated Zn>* intercalation and
ensures long-term durability. (iii) A large number of nanomesh in the
3D network architecture is favorable for the penetration of liquid elec-
trolyte into the whole 3D structure and also for accommodating volume
changes upon cycling.

CV scans at different scan rates were conducted to offer further in-
sights into the electrochemical mechanism of Zn?+ storage as shown in
Fig. 4a. There is almost no distortion of the CV curves as the scan rate
increases from 0.1 to 0.8 mV-s~!, further demonstrating its excellent
electrochemical stability. We further estimated the pseudocapacitance-
like contribution by clarifying the kinetics to separate the capacitive-
controlled and diffusion-controlled capacities. The linear relationships
of log i vs. log v at the peak potentials are summerized in Fig. 4b. In prin-
ciple, the peak current (i) is determined by the sweep rate (v) through
the following equation:

i=av® (€]

log(i) = b X log(v) + log(a) 2)

where both a and b represent adjustable parameters. If the b value
is 1, the reaction is a capacitor-like process controlled by surface
properties, while a b-value of 0.5 corresponds to a process controlled
by a semi-infinite linear diffusion [51,64]. The coefficients b of peaks

1, 2, 3, 4 and 5 are determined to be 0.703, 0.901, 0.778, 0.877 and
0.832, respectively, manifesting that the electrochemical reactions
are controlled by both capacitor-like process and diffusion controlled
intercalation process. Further quantitative analysis has been carried
out to investigate the kinetics of the paper electrodes by separating the
diffusion controlled capacity and capacitive capacity according to the
following equation [65]:

i(v) = kv + kyv'/? 3)

By determining both k; and k, constants, we can distinguish the
fraction of the current from surface capacitance and Zn%* semi-infinite
linear diffusion. Fig. 4c shows the capacitive contributions to charge
storage in typical CV profile at 0.4 mV-s~!, suggesting the capacitive
contribution is more dominant in the total capacity. The contribution
ratios for the capacitive current (red region) in comparison with the
total current are 23.8%, 26.4%, 31.2%, 35.5% and 40.2% at scan rates
of 0.1, 0.2, 0.4, 0.6 and 0.8 mV-s~! (Fig. 4d), respectively, and keeps
increasing along with the increase of voltage scan rates. Note that the
diffusion controlled intercalation process is more prominent than the
capacitive controlled process in our sample, which is presumably due
to the aforementioned, large interlayer spacing of layered NVO, which
acting as expansive diffusion channel for Zn®* transport.

Finally, we attempted to realize the quasi-solid-state (QSS) ZIBs on
a more practical application in the flexible and portable devices as il-
lustrated in Fig. 5a. The quasi-solid-state ZIBs were constructed by em-
ploying a ZnSO,/gelatin-based electrolyte, flexible Zn anode, and the
as-grown NVO/CNTs paper cathode (Fig. 5b). Compared to a single
paper-like ZIB with a charge/discharge potential of 1.3 V, three ZIBs
connected in series can achieve 3.9 V and light up a well-designed red
light-emitting diode (LED) panel (Fig. 5d). The flexibility of the battery
was examined by rolling up the device by hand several times to different
bending angles (Fig. 5¢), while exhibiting stable discharge ability under
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Fig. 5. (a) Schematic illustration of the as-assembled flexible QSS ZIB cell. (b, c¢) Photograph of the QSS ZIBs and its rolled up state by hand. (d) A LED panel powered
by three charged flexible QSS batteries in series. (e) Flexibility and stability of the QSS ZIBs under fully bending states.

fully bending state subjected to continuously mechanical manipulations
(Fig. 5e).

3. Conclusion

In summary, we observed a spontaneous knitting behaviour from
6.7 nm thin, flexible NVO nanoribbons in a hydrothermal route to
form freestanding paper cathode for aqueous zinc-ion batteries. Op-
timized by the incorporation of conductive multi-walled carbon nan-
otubes (CNTs) into this paper-like membrane, the resulting NVO/CNTs
hybrid paper delivered a high reversible capacities of 465 mAh-g~! at
100 mA-g~1, and a capacity retention of above 89.3% after 500 cycles
at 100 mA-g~! for aqueous Zn?* storage. The energy density of the as-
constructed NVO/CNTs//Zn battery was as high as 40.94 Whkg™! at a
power density of 733.8 W-kg~!. Our work clarify ultrathin NVO nanorib-
bons is a robust cathode materials for aqueous chargeable ZIBs. More
importantly, the observation of their spontaneous knitting behaviour
makes a breakthrough on development of binder-free electrode for en-
ergy storage application. It would be applicable to the storage of other
metal/non-metallic ions (Na*, Mg2*, Ca?*, AlI3*, NH,* etc.) in next-
generation novel batteries.

4. Experimental Section
4.1. Fabrication of freestanding NVO/CNTs composite paper-like electrode

All chemical reagents utilized in this study were of analytical grade
and used without further purification. Firstly, CNTs power was were
fully dispersed in the deionized water with a concentration of 200 mg/L.
In a typical synthesis, 0.575g NH,VO5; power (5 mmol) was added into
35 ml deionized water with stirring. Subsequently, the pH value of above
solution was adjusted to 6 by dropping diluted hydrochloric acid slowly
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with continuous stirring. This bright yellow aqueous solution was mixed
with 35 mL CNTs dispersion under stirring, then the mixed solution was
transferred into a 100 mL Teflon autoclave followed by heating the auto-
clave in an oven at 190°C for 15 h to allow the formation of NVO/CNTs
hybrid film. Upon cooling to room temperature, the grey brown hybrid
product like film on the side of the bottle was taken out with caution and
was flushed with deionized water and ethanol to compeletely remove
residual water-soluble ions, and dried under vacuum at 70 °C for further
analysis and application. Without introduction of CNTs, Pure NH,VO3
precursor solution with the same concentration and PH as mentioned
above still grew into nanowires, and adhered to the wall to aggregate
into pure NVO yellow films.

4.2. Fabrication of control electrodes

The control electrode with PVDF(poly(vinylidene) difluoride) as
binder was prepared by mixing NVO, CNTs, and PVDF on the basis
of a mass ratio of 8:1:1 with the moderate addition of 1-methyl-2-
pyrrolidinone; then, the uniform slurry was coated onto a piece of 304
stainless steel foil with thickness of 150 ym and dried at 80°C for 10h in
a vacuum oven. The slurry-coated foil cut into electrodes with different
shapes served as the cathode (mass loading density: ~2 mg-cm~2). The
control electrode with PTFE(polytetrafluorene—ethylene) as binder was
prepared by mixing NVO, CNTs, and PTFE on the basis of a mass ratio
of 8:1:1 with the moderate addition of isopropyl alcohol as dispersing
agent, the rest of the operating process in accordance with the above.

4.3. Battery assembly
The 2032 coin cells were assembled with as-prepared binder-free

NVO/CNTs as the cathode, Zinc foil (diameter: 14mm, thickness:
0.01mm, mass: ~10 mg) as anode, glass fiber as separator and 2M ZnSO,
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aqueous solution as electrolyte, Such a piece of ®14 cathode with dif-
ferent thickness ranges in mass from 2.1mg to 3.6mg. A flexible QSS
ZIB cell were obtained by pressing a piece NVO/CNTs as the cathode, a
zinc foil as the anode, a nonwoven fabric as the separator and the 2M
ZnSO, @ polyvinyl alcohol (PVA) as the electrolyte. The electrolyte was
prepared by adding 3 g PVA to 30 mL 2M ZnSO, aqueous solution little
by little with continuous stirring, followed by oil bath treatment at 80
°C for 4h. The ultimate flexible solid-state cell was encapsulated with
silicone after the gel electrolyte solidified at room temperature.

4.4. Calculation methods

The specific energy density (Wh'kg™!) and average specific power
density (W-kg~1) were calculated in terms of the following equations:

1Z
E, = / oo @
1}
ES
p=— ®)

Where E; is the calculated specific energy density (Wh'kg™1), P, is the
average specific power density (W-kg™1); C, (mAh-g~1) is the specific ca-
pacity calculated of the battery. V,, and V; is the voltage lower limit and
voltage upper limit of discharge procedure, respectively, and t is the dis-
charge time (h). The specific capacity was calculated based on the mass
of the active material (NVO) in the electrodes, and the specific energy
density and power density were calculated based on the mass of the
cathodes. The energy density and power density of the as-constructed
NVO/CNTs//Zn battery were calculated based on the total mass of the
cell (including both anode and cathode).

4.5. Characterization

The morphologies were observed by scanning electron microscope
(SEM, S-4800, Hitachi). The selected area electron diffraction (SAED)
pattern and transmission electron microscopy (TEM) images were ob-
tained on a Philips CM200FEG field emission microscope. The crys-
talline structure was characterized by XRD patterns recorded in a Rigaku
D/Max-kA diffractometer with Cu Ka radiation. X-ray photoelectron
spectroscopy (XPS, PHI 5000C ESCA System) and Energy dispersive X-
ray spectroscopy (EDS, TSL, AMETEK) measurements were employed to
investigate the elemental compositions of the samples. The mechanical
tests of the resulted papers were performed using a WDW-0.1 electronic
universal testing machine (Shanghai Bairoe Test Instrument Co., Ltd).

4.6. Electrochemical measurements

Cyclic voltammetry (CV) curves and electrochemical impedance
spectroscopy (100 kHz to 0.1 Hz) were conducted by an electrochemical
workstation (CHI 360E). The CV curves of ZIBs were measured based on
two-electrode system, in which Zn was used as both counter and refer-
ence electrodes (negative electrode) and the composite film NVO/CNTs
cathode was used as work electrode (positive electrode). Electrochem-
ical performance of the prepared ZIB was examined based on galvano-
static testing of CR2032-type coin cells (for aqueous ZIBs) and planar
thin film battery (for solid-state ZIBs) in the voltage range of 0.2 V -
1.5 V using a Land 2001A battery testing system at 24°C. The area of
solid-state ZIB is about 7 cm? and the thickness is around 0.11 mm.
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