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ARTICLE INFO ABSTRACT

Keywords: Ultrathin layered nanomaterials show promising advantages to promote the Li* diffusion kinetics, however, the
Vanadium oxide self-aggregation/stacking of nanomaterials lead to large capacity loss and limited rate capability, which urgently
Hydrogel needs to be addressed. Herein, we report a three-dimensional (3D) novel vanadium oxide (H,V30g) hydrogel

Lithium ion battery
Flexible film
Hybrid 3D structure

nanostructure composed of intertwined ultrathin nanoribbons and self-coiled nanoscrolls, synthesized by a
universal modified liquid exfoliation method. The hydrogels display largely enhanced rate capability and cycling
stability, compared to those of the pure nanowires and nanoribbons. Based on the geometrical features of hy-
drogels, the intertwined hydrogels/carbon nanotubes (CNTs) flexible film is fabricated and delivers remarkable
lithium storage performance: a high capacity of 310mAhg™! at 0.1Ag™!, excellent rate capability
(145mAhg™! at 12A g™ ") and stable cycling performance. Moreover, at a high mass loading up to
13 mg cm ™2, the hydrogels/CNTs film delivers an area capacity ~ 2.7 mA h cm ™2 (at 0.91 mA cm ™~ 2), high rate
capability (an area capacity of 1.16 mA h cm ™2 at 18.2 mA cm ™~ ). The scalable hydrogels/CNTs films provide a

promising route towards high performance flexible electrodes at high mass loading.

1. Introduction

Electrical energy storage (EES) is indispensable in our daily life
which has been applied widely in portable electronics [1-4]. Li-ion
batteries (LIBs) are one of the best candidates, but their performance is
expected to be further improved [5-9]. Developing electrode materials
with high capacity, fast charging and long lifespan is necessary [1,3,8].
Vanadium oxides are attractive electrode materials due to the high
theoretical capacity (multi-electron reaction with a high capacity over
300 mA h gfl) and abundant source [10-17]. However, the low elec-
trical conductivity and sluggish reaction kinetics of vanadium oxides
hinder their widespread applications. Among various types of layered
vanadium oxides, H,V3Os is consisted of V30g layers (comprised of VOg
octahedrons and VOs trigonal bipyramids) with large layer spacing,
which act as the host for Li* ion intercalation [13,18-20]. Meanwhile,
H,V3;0g contains mixed valences of V°* and V**, while hydrogen
atoms are linked with VOg through hydrogen bonds to connect the V30g

layers, which provides good electronic conductivity for high rate
charge/discharge [20]. These properties endow the H,V30g as a pro-
mising candidate for high-performance LIBs [18-20].

The electrochemical performance (especially for high rate charging/
discharging) of vanadium oxides are significant based on their sophis-
ticated electrode architectures, whose function is to expose as much
surface to the electrolyte as possible, thus exhibiting extrinsic pseudo-
capacitive response [10-12,21-24]. The nanoarchitectures, such as
nanoparticles, nanorods, nanowires (NWs) and nanosheets, have been
designed to achieve high capacity of vanadium oxides, due to their
large surface area and short ion diffusion pathway [25-27]. However,
their rate performance is still unsatisfied. According to the t = A%/D
(where D is diffusivity and A is ion diffusion length), further reducing
the A by utilizing the ultrathin geometrical properties of nanoribbons or
nanosheets is an option [8]. Liquid exfoliation methods have been well
developed to produce layered materials with ultrathin morphology
[28,29]. However, the self-aggregation/stacking of nanomaterials
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becomes more serious since the increased surface energy, leading to
unexpected electrochemical performance [1]. The three-dimensional
(3D) graphene hydrogel structure is regarded as an ideal model, which
composed by cross-linked 3D graphene nanosheets frameworks
[30-33]. The intertwined graphene walls offer continuous electron
transport, while the interconnected porous microstructure allows easy
penetration of electrolyte into the framework, leading to remarkable
electrochemical performance [34]. Inspired by the 3D graphene hy-
drogel structure, the similar vanadium oxide hydrogel is likely to dis-
play promising properties [10,35,36], but it remains largely un-
explored.

Previous works have demonstrated remarkable electrochemical
performance of vanadium oxide nanomaterials, but they are usually at
low mass loading level (Table S1) [12,37-41]. For the practical appli-
cations, high mass loading is necessary, but it faces the following
challenges: (1) high mass loading is usually accompanied with in-
creased thickness, leading to the difficulty of electrolyte penetration,
ion diffusion and electron transport, then failing to take full utilization
of active materials (especially at high rate); (2) stable cycling perfor-
mance at high mass loading needs strict requirements [42]; (3) elec-
trodes tend to delaminate from the current collectors during the coating
process with high mass loading [43]. The 3D intertwined hydrogels
structure shows the ability of achieving high electrochemical perfor-
mance and it deserves further investigation of their properties at high
mass loading level.

Herein, for the first time, we report the design of 3D vanadium oxide
(H,V30g) hydrogels through a universal modified liquid exfoliation
strategy. Compared to the electrochemical performance of normal na-
nowires (NWs) and pure ultrathin nanoribbons, the H,V30g hydrogels
display largely enhanced rate capability and cycling stability.
Combining the geometrical features of hydrogels with an in-situ
synthesis method, an intertwined hydrogels/carbon nanotubes (CNTs)
flexible film is assembled, which displays remarkable high-rate per-
formance and excellent cycling performance at high mass loading. Our
work demonstrates that the novel vanadium oxide hydrogel structure is
very beneficial for enhancing the electrochemical energy storage per-
formance.

2. Experimental section
2.1. Experimental methods

2.1.1. Synthesis of vanadium oxide hydrogels

The vanadium oxide hydrogels were synthesized via. a facile hy-
drothermal method. The V,0s sols (1.5 mmol), prepared by a melt
quenching process as reported previously [44], were diluted with
deionized water to 60 mL under magnetic stirring. The surfactant PVP
K30 (17 mg) and Li»CO3 (0.1 mmol) were added with stirring for an-
other 2 h and aging for one day. Then, the mixed solution was trans-
ferred into a sealed Teflon container in oven at 180 °C for 120 h and
then allowed to cool to room temperature naturally. The obtained hy-
drogels were soaked in deionized water for 12 h with three times, and
dried for further use.

2.1.2. Synthesis of vanadium oxide NWs

The nanowires (NWs) were synthesized with the only addition of
PVP K30 (17 mg) and kept other same conditions for hydrogels. The
obtained NWs were washed with deionized water and alcohol, and
dried for further use.

2.1.3. Synthesis of vanadium oxide hydrogels/CNTs films

The mixed V,0s sols, PVP K30 and Li,COj3 solution was prepared at
first. CNTs (100 mg, multiwall, OD: 30-50 nm, L: 10-20 um, XFNANO)
was added with strongly ultrasonic treatment. After the same hydro-
thermal process, the hydrogels/CNTs composite was obtained. Then the
composite was dispersed in 40 mL deionized water under strongly
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stirring. The suspension was filtrated with a nylon filter paper (pore size
1.0 um) using vacuum filtration and washed by DI-water, leading to a
flat film on the filter paper. The film with filer paper was kept in flat
and dried at 40 °C. After several hours, the dried film was almost se-
parated from filter paper, very easy to be peeled off. Finally, the film
was further dried at 80 °C overnight for further use. Through control-
ling the filtrated volume of hydrogels/CNTs, the films with different
mass loading levels were adjusted.

2.2. Materials characterization

X-ray diffraction (XRD) patterns were collected by a D8 Advance X-
ray diffractometer, using Cu Ka radiation (\. = 1.5418 1°\). The micro-
structures were observed by a Field-emission scanning electron micro-
scopy (SEM) (JEOL-7100F), and a transmission electron microscopy
(TEM) and a high-resolution TEM (HRTEM) (JEM-2100F). The atomic
force microscopic (AFM) observation was achieved using a Bruker
MultiMode 8 Atomic Force Microscope. X-ray photoelectron spectro-
scopy (XPS) measurements were obtained using a VG MultiLab 2000
instrument. Inductively Coupled Plasma (ICP) test was performed on a
PerkinElmer Optima 4300DV spectrometer. CHN elemental analyzer
was involved in determining the carbon contents. Brunauer-Emmet-
Teller (BET) surface areas were measured by using a Tristar II 3020
instrument.

2.3. Electrochemical measurements

The electrochemical performance was characterized by assembly of
coin cell (2016-type) with lithium metal as the anode in the glove-box
filled with Ar atmosphere. The general cathode electrodes were com-
posed of 70% active material, 20% acetylene black and 10% poly
(tetrafluoroethylene) (PTFE) binder. The mixed clay was processed by a
roll-to-roll method to get a freestanding film. Then the film was pun-
ched into circular disk (8 mm in diameter) with a mass loading of ~
3 mg cm ™~ 2 For the hydrogels/CNTs films, they were punched into the
circular disk as well, with the mass loading ranging from 3.1 to
13 mg cm ~ 2. The electrolyte is consisted of 1 mol L.~ ! LiPF, in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1:1 by volume). The cells
were aged for 12 h before charge/discharge to ensure full absorption of
the electrolyte into the electrodes. The Li||H,V30g/CNTs lithium-ion
pouch cell was assembled in the glove box using the H,V30g/CNTs film
cathode (~ 15 mg). The electrolyte was injected and the cell was closed
using a heat sealer. Galvanostatic charge/discharge measurement was
performed by a multichannel battery testing system (LAND CT2001A),
the cyclic voltammometer (CV), electrochemical impedance spectro-
scopy (EIS) were tested with an Autolab Potentiostat Galvanostat
(PGSTAT302N). All the measurements were carried out at room tem-
perature.

3. Results and discussion

Fig. 1a schematically illustrates the synthesis process of the HV30g
hydrogels and NWs. In brief, the mixed V,Os sols and surfactant (PVP)
are the reaction sources. After hydrothermal treatment, NWs aqueous
dispersions (inset of Fig. 1b) with tens of micrometers in length are
obtained (Fig. 1b and c). For the synthesis of hydrogels, the inorganic
salt (Li;CO3) is added in the mixed reaction sources before hydro-
thermal reaction. The photograph (inset of Fig. 1d) shows the hydrogel
shape of the obtained sample. SEM images (Fig. 1d and e) reveal that
the novel hydrogels are composed of intertwined nanoribbons and self-
coiled nanoscrolls. XRD patterns confirm the crystal structure of the as-
synthesized samples (Fig. 2a). All the diffraction peaks are indexed to
the orthorhombic H,V30g (JCPDS No. 85-2401, space group: Pnam, a
= 16.9298 A, b = 9.3589A, ¢ = 3.6443A, @ = = y = 90°), in-
dicating a pure phase of the products [19]. A slight shift of (200) dif-
fraction peak to lower angle and the enhanced relative intensity of
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(320) and (520) peaks for hydrogels are observed, which are probably
due to the pre-intercalated Li* ions into the H,V30g layered during the
hydrothermal process [16]. Additionally, the ICP analysis identifies the
existence of Li element in the hydrogel sample, while the Li/V ratio is
0.067:1. The valence states of vanadium for two samples were further
characterized by XPS. The Li 1s peak is weak (Fig. S1) since its amount
is extremely small. Fig. 2b displays the XPS V 2p spectra, which can be
divided into two peaks. The peaks centered at 517.45 and 524.75 eV
correspond to the V 2ps,, and V 2p,» of V°7, respectively [45]. The
peaks at 516.05 and 523.35 eV correspond to the V 2p3,, and V 2p; /5 of
VAT, respectively [20,45]. The XPS data confirm the mixed valence
states of vanadium. Calculated from the integration of the V 2p peaks,
the valence ratio of V°*: V** for NWs is 1.99: 1, which is close to the
theoretical ratio of HyV50g (V°*: V** = 2:1, the average vanadium
valence is 4.667). The ratio for hydrogels decreases to 1.83: 1.17, in-
dicating the reduced valence of vanadium state (average vanadium
valence is ~ 4.61). As identified by the ICP analysis, the chemical
formula of hydrogels can be noted as Lip »H,V30g (suggesting that the
average valence of vanadium is 4.60), which is consistent with the XPS
results. These data indicate that the reduced vanadium valence is at-
tributed to the influence of Li* ions, while the phase of layered H,V5Og
is still remained.

Nitrogen adsorption/desorption isotherms were generated to in-
vestigate the Brunauer-Emmet-Teller (BET) surface area and the porous
structure of the samples, as shown in Fig. 2c. The adsorption-desorption
curve of hydrogels displays obvious hysteresis loop (type-IV) compared
to that of NWs, confirming the porous structure of 3D hydrogels [46].
The BET surface area of hydrogels and NWs is 23.1 and 19.8 cm? g~ ?,
respectively.

TEM images were further collected to investigate the microscopic
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Fig. 1. (a) Schematic showing the synthesis process
of the H,V30g NWs and hydrogels. The H,V305 NWs
are obtained with surfactant (PVP), while the 3D
hydrogels are formed with additional assistant of
Li»CO3. (b, ¢) SEM images of the H,V305 NWs, and
the photograph (inset b) showing the NWs aqueous
dispersions. (d, €) SEM images of the H,V30g hy-
drogels, and the photograph (inset d) showing the
hydrogel shape.

structure information in detail. TEM images of hydrogels (Fig. 3a—d)
show the ultrathin geometrical feature of nanoribbons and nanoscrolls.
HRTEM image of a nanoribbon (Fig. 3b) displays the lattice spacings of
0.63 and 0.34 nm, corresponding to the (210) and (011) planes of
H,V30g, respectively. The selected-area electron diffraction (SAED)
pattern (Fig. 3c) reveals that the individual nanoribbon is single crys-
talline with the corresponding crystal spots of (210) and (011). The
HRTEM image of a nanoscroll further provides the information about
the crystal structure within the walls. Fig. 3d shows that the nanoscroll
with multiwall is formed by the self-coiling of nanoribbons. A lattice of
dsgp = 0.86nm is observed, corresponding to the layer spacing of
layered H,V30g5. Combining with the TEM data, the growth direction of
nanoribbons is [001] and the self-coiled nanoscrolls with the stacking
along [200] [refs14,45,47]. The TEM image of NWs was also collected
(Fig. S2). The lattice spacings of 0.47 and 0.34 nm correspond to the
(020) and (011) planes, respectively, indicating that the growth direc-
tion of NWs is [001] [ref. 45]. AFM images (Figs. 3e and S2b) display
that the thickness of a nanoribbon is only ~ 8.1 nm, while that of a NW
is ~ 53.2nm, indicating much decreased thickness for the modified
liquid exfoliation method.

The formation process of the hydrogels was further investigated
based on time-dependent experiments (Fig. S3). During the early state
of hydrothermal process, the vanadium oxide sols transfer into large
assembled sheets (Fig. S3b and c). As the reaction time increases, the
nanoribbons are torn from the sheets surface, which are highly flexible
and freely to be curved (Fig. S3d-f) [48]. During this process, the na-
noribbons are self-coiled into nanoscrolls. Finally, the nanoribbons and
nanoscrolls are intertwined with each other to form the 3D structural
hydrogels (Figs. 1d and e and S3a). For the formation of H,V30g NWs,
the nanowire morphology is obtained from the splitting of nanosheets
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Fig. 2. (a) XRD patterns, (b) XPS V 2p spectra and (c) nitrogen adsorption-desorption isotherms of the H,V30g NWs and hydrogels. The XRD patterns (inset a) showing the slight enhanced
interlayer spacing of (200) and XPS spectra presenting the partly reduce of V>* to V**, owing to the small amount of pre-intercalated Li* ions into the H,V3Og layers during the

hydrothermal process.
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nanoribbons

T nanoscrolls

Fig. 3. (a) TEM image of H,V350g hydrogels, composed of ultrathin nanoribbons and nanoscrolls. (b) HRTEM image and (c) SAED pattern of a nanoribbon (marked area 1). (d) HRTEM
image of a nanoscroll (marked area 2). (e) AFM image of a nanoribbon. (f) Schematic of the forming process of nanoribbons and nanoscrolls in the H,V30g 3D hydrogels. The nanoribbon/
nanoscroll is growth through [001] direction with a stacking layer of [200], and the intercalated Li ™ ions promotes the forming of intertwined nanoribbons and nanoscrolls, leading to the

hydrogel structure.

(Fig. S4). The NWs are formed after 48 h and still kept with longer
reaction time (e.g 120 h, Fig. S4d and e). As shown in Fig. 3f, the c-axis
of H,V30g is presented the shortest neighboring V-V distance, corre-
sponding to the relatively high stacking rate along c-axis, resulting in
the preferential growth direction of [001] for both the nanoribbons and
NWs and the stacking orientation is along [200] [refs 45,48].

The Li* ions play an importance role in the formations of hydrogels.
To further investigate this, the reaction conditions with different adding
amount of Li,CO3; were undertaken and their XRD patterns, photo-
graphs and SEM images were collected (Fig. S5). Without the influence
of Li* ions, NWs with pure H,V30g phase are formed (Figs. 1b and S5).
The H,V30g hydrogel is obtained at a certain amount of Li,COs. Further
increasing the amount of Li,COs, the morphology changes from the
hydrogels then to pure nanobelts (Fig. S5c—f) while the related phase
transfers from mixed H,V30g and VO, to pure VO, (Fig. S5a). Ac-
cording to above data, the formation of hydrogel structure is based on
the ion assistant liquid exfoliation mechanism [28,29]. The Li* ions
tend to pre-intercalate into the vanadium oxide layer during the hy-
drothermal reaction [16]. Then, driven by the high temperature and
pressure thermal force along with the assistant of pre-intercalated Li™
ions, the repulsive force between layers is increased and the thinner
nanoribbons are torn from the as-formed sheets (Fig. S3d—f) [28,29].
For the self-coiling process, the nanoribbons tend to curve or self-coil to
decrease the total surface energy when their electrostatic energy is
higher than the elasticity energy [14,49]. The intercalated Li* ions
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increase the electrostatic energy and then beneficial to the spontaneous
polarization-induced self-coiling process [48]. Interestingly, based on
the modified liquid exfoliation mechanism, other cations (such as Na*,
K*, Mg®*, Mn?", Cu®>* and Fe**) can also be utilized to synthesize the
3D hydrogels composed by intertwined ultrathin nanoribbons and na-
noscrolls (Fig. S6). The energy-dispersive X-ray (EDX) spectra (Fig. S6)
and XRD patterns (Fig. S7) display the existence of each added cations.
These results indicate the universal ion assisted liquid exfoliation
method for preparing vanadium oxide hydrogels.

Coin cells (2016-type) were assembled to investigate the electro-
chemical performance of NWs and 3D hydrogels, while metallic lithium
was used as the counter electrode. The pure ultrathin nanoribbons were
also synthesized as a control experiment (Fig. S8) [44]. Cyclic vol-
tammogram (CV) curves of the H,V30g hydrogels and NWs were
measured at a scan rate of 0.1 mVs~! in the potential window of
1.5-3.5V, as shown in Fig. 4a. All the redox peaks represent the Li* ion
insertion and extraction processes [13,50]. The CV curve of NWs
electrode displays various redox peaks, which is the typical electro-
chemical behavior of H,V30g [19]. Compared to the CV curve of NWs
electrode, the hydrogels electrode display two major redox peaks of
2.70/2.45 and 2.21/1.85V. The galvanostatic charge-discharge test
was measured subsequently. Fig. 4b shows the different charge-dis-
charge platforms at the specific current of 0.1 A g™, which are con-
sistent with their CV peaks, respectively. The reversible discharge ca-
pacity of hydrogels electrode is 310 mA h g, which is slightly higher
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Fig. 4. (a) CV curves at a scan rate of 0.1 mV s in a potential window of 1.5-3.5 V, (b) charge-discharge curves at a specific current of 0.1 A g, (c) rate performance, and (d) cycling
performance at 1.0 A g™ of the H,V30g hydrogels and NWs, respectively. The hydrogels displaying much enhanced capacity, rate capability and cycling performance than those of NWs.

than that of NWs (270 mA h g~ 1). The change in CV and charge-dis-
charge curves is probable due to modified morphology (ultrathin fea-
ture of nanoribbons, Fig. S8g) and structural pre-distortion caused by
pre-intercalation of Li* ions into layered H,V3Og. The similar phe-
nomenon was also observed in H,V30g ultrathin nanobelts, V¢O,3 na-
nosheets, V0,3 nanotextiles and MoO3 nanobelts [16,44,51-53].

The rate capability is the very important performance for high-
power application. Rate performance of samples at progressively in-
creased specific current (ranging from 0.1 to 4.0 Ag™ ') was further
measured (Figs. 4c and S8h). The hydrogel electrode delivers much
higher capacities than those of NWs electrode at each current, espe-
cially at high rates. The hydrogels electrode exhibits the capacities of
158 and 110 mA h g~ ' at 2.0 and 4.0 A g~ %, respectively, which are ~
1.58 and 1.70 times of the values for NWs and the much better than that
of the pure nanoribbons (Fig. S8h), respectively, indicating the ex-
cellent rate capability of the 3D hydrogel structure. After the high
current measurements, the hydrogels electrode recovers a capacity of
176 mAh g ' at 0.5 A g~ ' (an excellent capacity retention of 97.8%),
manifesting the good rate reversibility. Long-term cycling performance
at the high current of 1.0 Ag™"' is shown in Fig. 4d. The hydrogels
display a discharge capacity of 215 mAh g~ !, which is much higher
than that of NWs (155 mA h g~ ). The capacity retention of hydrogels
is 78.2% after 300 cycles, higher than that of NWs (41.2%) and pure
ultrathin nanoribbons (Fig. S8i), indicating a better cycling perfor-
mance of 3D hydrogels. Meanwhile, the coulombic efficiency remains at
~100% during the repeated charge-discharge cycles. It is found that
the capacity of pure nanoribbons increases slightly in the initial tens of
cycles (Fig. S8i), which is due to the gradual penetration of electrolyte
into the spacing between the stacked nanoribbons. This behavior is not
obvious for the hydrogels cathode (Fig. 4d) owing to the porous
structure promotes the diffusion kinetics [54].

Electrochemical impedance spectra (EIS) were measured to provide
further insights. As shown in Fig. S9a and b, the Nyquist plots show a
depressed semicircle (representing charge transfer resistances R.,) and a
slanted line (representing the Warburg impedance that refers to ion
diffusion ability). According to the fitting results, the R, of the hy-
drogels electrode is 44.2 Q, much lower than that of NWs (87.5 Q). The
increase of R, for hydrogels after 100 and 200 cycles are much smaller
than those of the NWs, indicating the stable electrode-electrolyte
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interface during cycling (that reflects the excellent cycling stability)
[16,26]. Furthermore, the diffusion coefficient values of the Li* ions
(D) can be calculated based on the EIS spectra by using the Egs. (1) and
(2),

D = 0.5(RT/n*F*ACc)? (@9)

Z' = Rp + Ry + ow™1/? 2)

where R is the gas constant, T is the temperature, n is the number of
electron transfer per molecule during intercalation, F is Faraday's con-
stant, A is the area of the electrode surface, C is the molar concentration
of Li* ions, and o is the Warburg factor. Based on the Eq. (2), the linear
fitting of Z’ and w ™'/ is displayed in Fig. S9d [55]. From the fitting
results, the o value can be calculated for the slope. At the 10th cycles,
the ratio of onws/Ohydrogels i 3.54, corresponding to Dhydrogels/Drnws =
12.5, which demonstrates the significantly increased Li* ion diffusion
kinetics for the 3D hydrogels.

As pointed by Dunn and co-workers, a capacitive behavior will be
enhanced with sophisticated electrode architectures whose function is
to expose as much of the surface to the electrolyte as possible, noted as
extrinsic pseudocapacitor [22]. According to this, a kinetics analysis
based on the various increased CV scan rates (Fig. S10) was further
discussed. The responded current i(V) can be separated into a diffusion
contribution (k;v) and a capacitive contribution (k,v'/?), displayed as
Eq. (3).

(V) = kv + kpy'/? 3)

The linear plot of i/v'/? versus v /2 was used to determine k; and k,
then the diffusion processes and those from capacitive effects can be
quantified [56,57]. The data shown in Fig. S10c and d indicate that
capacitive charge storage contribution in hydrogels occurs to a much
greater extent compared with NWs (50% versus 29%) at a scan rate of
1.0 mV s~ . The modified hydrogels with enhanced diffusion kinetics
promote the lithium intercalation process, thus resulting in the en-
hanced capacitive contribution [52,58].

Beneficial from the unique geometrical features of the intertwined
3D hydrogel structure, it can be regarded as the scaffolds to in-situ
composite other high conductive materials to modify the performance
(since the electronic conductivity of vanadium oxide is not ideal).
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Fig. 5. (a) Schematic showing the fabrication process of the flexible H,V30g hydrogels/CNTs films. The hydrogels/CNTs is prepared by an in-situ synthesis methods. Then through a facial
vacuum-assisted filtrating process, the flexible hydrogels/CNTs film is obtained. (b) SEM image of the H,V30g hydrogels/CNTs composite. (c, d) Cross-sectional SEM images of the
hydrogels/CNTs film, showing the uniform layer-by-layer structure. (e) Rate performance of the hydrogels/CNTs and NWs/CNTs films. (f) Charge-discharge curves of the hydrogels/CNTs
film at various specific currents. (g) Cycling performance at 4.0 A g™'. (h) Area capacity vs. area current plots. The excellent performance at high mass loading indicating the effective

design of the hydrogels/CNTs flexible films.

Moreover, the addition of non-conductive binders and dispersive con-
ductive carbon nanoparticles will increase the charge transfer re-
sistance and hinder the full utilization of their high surface, failing to
achieve preconceived high rate performance [20,45]. In this case, a
binder-free flexible film is further fabricated to achieve better rate
performance, while the long CNTs are selected as the conductive ad-
ditive owing to the long-range conductivity and high mechanical ro-
bustness [47,59]. As illustrated in Fig. 5a, an in-situ synthesis approach
is processed to combine the geometrical features of hydrogels and
CNTs, and then an intertwined vanadium oxide hydrogels/CNTs flex-
ible film (binder-free) is obtained. Simply, the CNTs are directly dis-
persed in the reaction resources with strong ultrasonic treatment, while

78

the PVP surfactant and negative charge of V,0s sols improve the dis-
persion of CNTs. After hydrothermal, the hybrid vanadium oxide hy-
drogels/CNTs composite (inset of Fig. 5b) is obtained. The SEM images
(Figs. 5b and S11) show that the hybrid hydrogels are composed by the
nanoribbons, nanoscrolls and the uniform distribution of CNTs. Further
through the vacuum-assisted filtrating of the vanadium oxide hydro-
gels/CNTs composite, the flexible vanadium oxide hydrogels/CNTs film
is obtained. An obvious layer-by-layer structure is confirmed by the
SEM image (Fig. 5c¢), while the CNTs are uniformly distributed in be-
tween the vanadium oxide layers (Fig. 5d). The mass loading of the
hydrogels/CNTs film is ~ 3.1 mg cm ™2 with a thickness of ~ 40 um
(Fig. S12). The in-situ synthesis of H,V30g NWs/CNTs composite was
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also prepared, while non-hydrogel structure is obtained as well and the
distribution of CNTs is ununiformed (Fig. S13). The XRD patterns (Fig.
S14a) of the hydrogels/CNTs and NWs/CNTs films confirm the H,V30g
phase, while an additional strong diffraction peak at ~ 26° is from the
CNTs. Raman spectrum of the film (Fig. S14b) displays very strong G
band (graphitic carbon) peak, which indicates the highly conductivity
of CNTs. The content of CNTs for the composites is 30% determined by
the CHN element analysis.

The flexible films were directly cut into small rounds for the elec-
trochemical performance testing. The capacity is calculated based on
the weight of active material, while the CNTs deliver negligible capa-
city in the potential range of 1.5-3.5V (Fig. S15). As displayed in
Fig. 5e and f, the hydrogels/CNTs film displays remarkable rate cap-
ability, much better than that of the NWs/CNTs film. Even at a high
specific current of 12 A g1, a high capacity of 145 mA h g™ is achieved,
corresponding to a charge/discharge time of 43.5 s. While for the NWs/
CNTs, almost no capacity is delivered at such high specific current. The
related charge-discharge curve of hydrogels/CNTs film at 0.1 Ag~!
displays a smaller overpotential (AV(Q/2)) than that of NWs/CNTs film
(68 vs. 148 mV, Fig. S16). Further compared to the rate performance of
hydrogels/acetylene black film (Fig. S17), the hydrogels/CNTs film
delivers largely enhanced performance, because the uniform and in-
terconnected long CNTs networks in the hydrogel provide continuous
electron transport. Stable cycling of the films at high specific current
(4.0 Ag™) were tested (Fig. 5g). After 1000 cycles, the capacity re-
tention of the hydrogels/CNTs film is 84.0%, much higher than that of
the NWs/CNTs film (36.3%). It is noted that the hydrogels/CNTs film
with a mass loading of 3.1 mg cm™ still delivers very high rate cap-
ability compared to the state-of-the-art reported values [12,37-41].

Owing to the advantages of continuous electron/ion diffusion of the
hydrogels/CNTs structure, it is possible to deliver high electrochemical
performance with increased mass loading. Based on the facile filtrating
process, the hydrogels/CNTs films with different mass loadings of 3.1,
6.4, 9.4 and 13 mg cm™ were fabricated. With the increase of mass
loadings, the films also deliver good rate performance (Fig. Sh). At the
areal current of 0.22, 0.45, 0.66 and 0.91 mA cm ™2, the specific ca-
pacity of the films (mass loading from 3.1 to 13 mg cm ™ 2) is the 310,
304, 301 and 296 mA h g™, respectively, showing very small capacity
loss with increased mass loading. The rate capability decreases with the
mass loading, owing to the enlarged the electron/ion diffusion length
[43]. The films with large mass loading show decreased areal capacity
accompany with the increased areal current. However, at the same area
current, thick film still exhibits larger area capacity compared to that of
thinner ones, such as high areal capacities of ~ 2.70 mAhcm™ at
0.91 mA cm™2 and ~ 1.16 mA h cm™ at 18.2 mA cm™ are obtained for
the mass loading of 13mgcm™2 At the area currents above
20 mA cm™?, the hybrid flexible films display high areal capacity, which
is rarely reported for the vanadium oxide cathode. Furthermore, the
flexible film with different thicknesses still display excellent cycling
stability (above 84% capacity retention) over 1000 cycles (Fig. S18).
The morphology of hybrid film is largely maintained after long-term
cycles (Fig. S19), revealing the excellent structure stability. Further-
more, the Li||H,V30g/CNTs pouch cell was assembled to show the re-
versibility and durability of the hybrid film. As shown in Fig. 520, the
pouch cell shows good reversible charge-discharge curves before and
after folding and it brightens the light-emitting diode (LED) bulb chain
at folded and unfolded state. These results indicate the H,V30g/CNTs
film exhibits a good reversibility and durability [60].

On the basis of the above results, the superior high-rate capability
and cycling stability of hybrid hydrogels/CNTs film are attributed to the
advantages of the designed nanoarchitecture: (i) the hydrogels com-
posed of ultrathin nanoribbons and self-coiled nanoscrolls offer largely
shortened ion diffusion length; (ii) the rich pores in the hydrogels in-
crease the electrode-electrolyte contact area and provide inter-
connected channels for efficient ion diffusion; (iii) the self-coiled na-
noscrolls and the rich pores support the excellent mechanical
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robustness, leading to excellent cycling performance; (iv) the binder-
free 3D intertwined hydrogels/CNTs structure endows continuous
electron/ion transport [4,7].

4. Conclusion

In summary, a novel architecture of 3D vanadium oxide (H,V3Og)
hydrogel composed of intertwined nanoribbons and self-coiled na-
noscrolls is successfully synthesized through a modified liquid exfolia-
tion strategy. The developed synthesis method is universal and can be
extended to prepare vanadium oxide hydrogels with various cations
(including Li*, Na™, K*, Mg?*, Mn?", Cu®" and Fe®**). Comported to
the electrochemical performance of NWs and nanoribbons, the H,V30g
hydrogels display much enhanced capacitive contribution, rate cap-
ability and cycling stability. Combining the advantages of novel 3D
intertwined hydrogel architecture and conductive CNTs, the hydrogels/
CNTs binder-free flexible film displays remarkable high capacity, high-
rate performance and excellent cycling performance even at high mass
loading level. The hybrid film with a high mass loading of 13 mg cm ™2
delivers a high areal capacity of 2.70 mA h cm ™2 at 0.91 mA cm ™2 and
excellent rate capacity (e.g. an area capacity of 1.16 mAhcm™? at
18.2 mA cm ™ 2). The hybrid films also deliver excellent cycling stability
over 1000 cycles. The present work demonstrates the advantages of
novel transition metal oxide hydrogel structure for delivering high
electrochemical performance. We believe that the novel hydrogels as
the scaffolds to combine with other ion doping or functional materials
can be further developed for various applications.
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