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1 | INTRODUCTION

Among the various energy storage systems, lithium-ion
batteries (LIBs) have been considered promising candi-
dates because of their high energy density and versatility
in a wide range of applications.” However, the shortage
of Li metal and its high cost and safety problems can lead
to limitations in large-scale storage energy systems. As
alternatives, rechargeable zinc-ion batteries (ZIBs), which
consist of more abundant Zn metal, are receiving much
attention due to their higher safety and lower cost than
LIBs.>* Despite the advantages, one critical issue is the
development of high-capacity cathode materials for ZIBs.
Several cathode materials, such as manganese oxide and
Prussian blue analogs, still exhibit a limited capacity of
250 and 120 mAh g7, respectively.®® On the other hand,
monoclinic vanadium dioxides (VO(B)) are large enough
to enable the access of Zn ions easily because of the
layered structure formed by the edge-sharing VOg
octahedra with cavities.”'” It can deliver a higher capacity
(>300 mAh g_l) compared to other cathode materials."*
However, VO, tends to dissolve in an aqueous Zn-ion
electrolyte due to the strong polarity of H,O and poor
adhesion between VO, and the current collector, resulting
in inferior cycling stability.'*"?

Inspired by the adhesive nature of mussel adhesive
proteins, dopamine is a promising material that can modify
the surface properties of various substrates.'* In addition, the
in situ polymerization of dopamine on the fiber provides
versatile adhesion properties, leading to the achievement of a
layered and uniform coating of conducting carbon on the
fiber after carbonization,'® facilitating the homogeneous
growth of active materials on the substrate. Recent studies
have examined the beneficial role of polydopamine-derived
carbon layers in enhancing the stability of cathode electro-
des.'® In addition, a homogeneous coating by in situ
polymerization of dopamine can improve the adhesion
properties of a substrate. Therefore, the combination strategy
of a polydopamine-derived current collector and VO,
electrode can prevent the dissolution of VO, without any
binders and chemicals.

Apart from the active materials (e.g., VO,(B)), the
typical composite electrodes are composed of a binder

Zn//pp-fibers@VO,(B) pouch cells have excellent flexibility and stable electro-
chemical performance under various bending states, showing application
possibilities for portable and wearable power sources.

aqueous battery, binder free, conducting agent-free, flexible electrode, zinc-ion battery

and the current collector, where the active material can
be adhered to the current collector by weak van der Walls
force.'”'® However, this configuration leads to many
problems for ZIBs: (1) The introduction of a binder limits
ion diffusion and mass transport due to its properties
such as electrochemical inactivity and low conductivity;
(2) the detachment of a binder from the current collector
can be easily caused by their degradation and agglomer-
ation during cycling.'*~*' These eventually result in a low
rate capacity and cycle stability. Therefore, a binder-free
electrode is required to overcome several problems
mentioned earlier.

Here, we report a free-standing and flexible compos-
ite electrode system composed of self-supported
VO,(B) nanosheets along with polydopamine-derived
pyroprotein-based fibers (pp-fibers@VO,(B)) without
binders and conducting agents. The VO,(B) nanosheets
were grown uniformly on pp-fibers through a facile
hydrothermal method. The as-prepared products were
used as the cathode for ZIBs without additional electrode
fabrication processes. The cathode exhibits a superior
electrochemical performance because of the following
reasons: (1) the strong adhesion between the VO,(B) and
pp-fibers as the active materials and current collector,
respectively, which prevents the dissolution of VO, and
enables superior cycle stability; (2) the electrical conduc-
tivity and mass transportation of the electrode increase for
not using binders and conducting agents. Furthermore,
the Zn-ion storage mechanism of the pp-fibs@VO,(B)
electrode was systematically investigated through in situ
and ex situ X-ray analysis techniques. The fabricated
Zn/[pp-fibers@VO,(B) pouch cells show excellent flexibil-
ity and stable electrochemical performance under various
bending states, indicating promising candidate possibilit-
ies for portable and wearable power sources.

2 | EXPERIMENTAL

2.1 | Synthesis of pp-fibers@VO0,(B)

First, 0.306 g of dopamine hydrochloride was dissolved in
50 mL of deionized water (D.I. water) under magnetic
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stirring. Commercial silk (10 cm X 10 cm) was placed into
the above solution, and then another 50 mL of D.I. water
containing 0.855 g of sodium periodate was added. After
stirring for 12 h at the ambient condition, polydopamine-
coated silk (c-Silk@PDA) was washed with D.I. water
three times and dried at 60°C. The c-Silk@PDA was
annealed in a tube furnace in an argon atmosphere at
800°C for 3 h. The polydopamine structure breaks down
around 300°C (Figure S2) and forms conducting
nitrogen-doped carbon-derived pp-fibers electrode at
800°C. The resulting material is referred to as
polydopamine-derived pyroprotein-based fibers, abbrevi-
ated as pp-fibers. Then, pp-fibers were placed in the
solution containing 0.690 g of ammonium metavanadate
(99.95% trace metals basis; Sigma-Aldrich) and 1.64 mL
of formic acid with 60 mL of D.I. water for the synthesis
of pp-fibers@VO,(B). The above solution was then
loaded into a Teflon-lined stainless-steel autoclave,
placed in a preheated oven at 200°C for 48 h and cooled
to room temperature. As-obtained pp-fibers@VO,(B) was
washed with D.I. water three times and dried at 50°C
(loading mass of VO,(B) on pp-fibers is 6-7 mgcm™2).
VO,(B) was synthesized without adding pp-fibers,
according to the same procedure.

2.2 | Materials characterizations

The morphologies of samples were investigated by field-
emission scanning electron microscopy (SEM) (LEO
SUPRA 55, GENESIS 2000 model) and high-resolution
transmission electron microscopy (HR-TEM, JEM-
2100F). Raman spectroscopy with a laser beam wave-
length of 532 nm (inVia Raman microscopes) and X-ray
photoelectron spectroscopy (XPS) were analyzed by
micro X-ray/UV photoelectron spectrometer (AXIS-
NOVA and Ultra DLD). The X-ray diffraction (XRD)
was measured through a PanAlytical System in the 26
range of 5°-90°. In situ XRD measurements were
conducted in soft-packing Zn//pp-fibers@VO,(B) batte-
ries with polyimide film window fabricated by using the
pp-fibers@VO,(B) as cathode, Zn foil as anode, and 3 M
Zn(OTA), as electrolyte. Galvanostatic charge-discharge
(GCD) curves of pouch batteries for in situ XRD were
measured in a voltage range of 0.2-1.8V by using a
VMP3 potentiostat/galvanostat (Bio-Logic Co., Ltd.). In
situ V K-edge X-ray absorption near-edge structure
(XANES) measurement was conducted at beamline
BL10C (Wide-XAFS) in the Pohang Accelerator Labora-
tory (PLS-II) using a Si(111) double-crystal monochro-
mator, detuned to 70% of its original maximum intensity
to eliminate high-order harmonics, and XANES data
were handled using Athena software.
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2.3 | Electrochemical measurements

2032-type coin cells were assembled with pp-
fibers@VO,(B) electrode, glass fiber separator (grade
GF/A, pore size: 1.6 um; Whatman), Zn foil (thickness:
0.1 mm, 99.98% trace metals basis; Sigma-Aldrich), and
3 M zinc trifluoromethanesulfonate electrolyte (Zn(OTf),,
98%; Sigma-Aldrich). Zn foil was washed with ethanol
before use. VO,(B) on coated Ti foil (Ti-VO,(B) electrodes
was also prepared to compare with pp-fibers@VO,(B).
The Ti-VO,(B) electrode was prepared by mixing 80 wt%
VO,(B) as an active material, 10 wt% of a carbon black
as a conductive agent, and 10wt% polyvinylidene
difluoride as a binder. The slurry was coated on
Ti-foil (thickness: 0.06 mm, 99.7% trace metals basis;
Sigma-Aldrich) using a doctor blade and dried at 80°C
overnight in the vacuum oven (coating thickness: 80 um)
(Figure S8A,B). The coated Ti-foil was cut into circles with
a diameter of 15 mm (loading mass of VO,(B) on Ti foil is
6-7 mg cm™2). The cyclic voltammetry (CV) curves were
obtained using a VMP3 potentiostat/galvanostat (Bio-
Logic Co., Ltd.). Electrochemical impedance spectroscopy
(EIS) measurements were performed with a VMP3
potentiostat/galvanostat (Bio-Logic Co., Ltd.) in the
frequency range of 10°-10™" Hz. The GCD profiles were
measured on a Series4000 automated test system cell
tester between 0.2 and 1.8 V at different current densities
from 0.2 to 10.0 A g~ . The electrochemical window of the
Ti foil and pp-fiber as a working electrode was evaluated
by linear sweep voltammetry curves in a three-electrode
configuration, using Zn metal as the counter and reference
electrode. The galvanostatic intermittent titration tech-
nique (GITT) measurement was conducted in a voltage
window between 0.2 and 1.8 V at 0.2 C with a GCD pulse
of each 2min long, followed by 20min of relaxation
time. The soft-packing Zn//pp-fibers@VO,(B) pouch cells
were fabricated using the pp-fibers@VO,(B) electrode
(3cm x4cm, 7.3mg cm ™2, 140-pum thickness) as cathode,
and Zn electrodeposited carbon felt as anode, and 3M Zn
(OTf), as electrolyte. Zn electrodeposited on carbon felt
was prepared with a three-electrode system by soaking
pristine carbon felt (3 cm X 4 cm) as working electrode and
Zn foil as counter and reference electrode in 2M
ZnSO4+ 0.5M Na,SO, as an electrolyte in the beaker
cell. Then, Zn has been electrically deposited on the
carbon felt at a constant voltage of —1.0 V for 5 min.

3 | RESULTS AND DISCUSSION

The pp-fibers@VO,(B) was prepared by a wet-chemical
synthetic method including an in situ polymerization
process. Compared to the pristine pyroprotein-based
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fibers, our pp-fibers show a higher flexibility and
electrical conductivity after the pyrolysis process. How-
ever, the pyroprotein-based fibers were deformed during
the high-temperature pyrolysis process without the
polydopamine coating (Figure S1). The spontaneous
self-polymerization of dopamine and 7m-7 stacking
interactions in polydopamine molecules preserve the
structure and integrity of pp-fibers and their arrays.*
During the pyrolysis process under Ar, the organic
components of polydopamine undergo decomposition
(Figure S2). This decomposition process leads to the
formation of carbonaceous residues. Subsequently, these
residues undergo carbonization, where the remaining
carbon atoms reorganize and form a nitrogen-doped
carbon network.'® The pyrolysis process results in the
formation of carbonaceous residues that preserve the
structure of the pyroprotein-based fibers.

The pp-fibers surface is very smooth and clean
(Figure S3). It has a surface area of 124.78 m* g™, a pore
volume of 0.06 cm® g™, and an average pore diameter of
2.05nm (Figure S4 and Table S1). In contrast, the pp-
fibers@VO,(B) has a non-smooth surface, with randomly
grown VO,(B) nanosheet on the pp-fibers (Figure 1C).
The average pore diameter (20.59nm) of pp-
fibers@VO,(B) increased due to the numerous VO,(B)
nanosheets assembled into an interconnected open
porous structure. Thus, composite electrodes can provide

an accessible surface area (5.82m?g™") for the electrolyte
when used as a cathode for ZIBs. The high-magnification
SEM image of the pp-fibers@VO,(B) shows that the
thickness of a VO,(B) nanosheet is ranged from 30 to
200nm (Figure S5). Figure 1D presents an HR-TEM
image in which interplanar distances of 0.29, 0.35, and
0.57 nm are assigned to the (002), (110), and (200) planes
of VO4(B), respectively.”* In addition, the growth of VO,
on pp-fibers (Figure S6) and commercial carbon cloths
(Figure S7) can be revealed from SEM image and energy-
dispersive X-ray spectroscopy (EDS) elemental maps. It is
observed that VO, is uniformly grown onto the pp-fibers
compared to the commercial carbon cloths. This is a
significant advantage as a large quantity of the active
materials can be loaded onto the pp-fibers. The elemental
compositions of VO, on pp-fibers and carbon cloths in at
% are summarized in Table S2. EDS maps of the pp-
fibers@VO,(B) clearly exhibit a uniform distribution of
the C, V, and O elements, indicating a random
distribution of VO, on the pp-fibers' surface
(Figure 1E-H).

Titanium (Ti) foil, often used as typical current
collectors for ZIBs, has the disadvantages of high cost
and low flexibility (Figure S8).>* The Ti foil consistently
displayed distinct crease marks throughout the bending
tests, underscoring its poor flexibility. However, the
modified pp-fibers electrode exhibits outstanding
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FIGURE 1

(A) Schematic illustration for the preparation of the pp-fibers@VO,(B) composite. (B) XRD patterns, (C) low-magnification

SEM image, and (D, E) TEM images of the as-obtained pp-fibers@VO,(B). (F-H) EDS elemental maps of V, O, and C elements of pp-

fibers@VO,(B).
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mechanical properties, including flexibility and bending
characteristics, as depicted in Figure S9. Therefore, the
pp-fibers can be utilized to easily fabricate a flexible
current collector in low cost.”® The pp-fibers also exhibit
better electrochemical stability in an aqueous electrolyte
compared with a carbon felt (Figure S10). In addition,
pp-fiber-based electrode exhibits better electrolyte wet-
ting than the conventional slurry-coated electrode on
Ti foil (Figure S11); this results in lower interfacial
resistance for pp-fiber@VO,(B), which will be discussed
later. The pp-fibers substrate provides negligible capacity
in the ZIB systems but only serves as a highly conductive
and flexible current collector to improve the active
material performance (Figure S12). In this experiment,
the pp-fibers@VO,(B) was used as a cathode to configure
full aqueous ZIBs with Zn metal as an anode in 3M
Zn(OTf), electrolyte, which is more stable and efficient
than the elctrolyte with the concentration ranging in
1-2 M (Figure S13). Notably, the 3D surface of VO,(B) on
pp-fibers is proved advantageous in establishing exten-
sive electrochemical contact with the electrolyte, as
elucidated by X-ray microscopy analysis (Figure S14).
This distinctive structure enables a significant surface
area to come into contact with the electrolyte, facilitating
substantial electrolyte penetration due to the material's
inherent porosity and three-dimensional (3D) surface
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architecture. Consequently, the combination of the 3D
surface and porous nature of the pp-fibers@VO,(B)
ensures a large active material surface available for
redox reactions. In addition, the abundant N heteroatoms
formed on the pp-fibers during the thermal treatment
process provide an improved electrical conductivity to
directly grown VO,(B) as well as a strong interaction
between the pp-fibers and VO,(B), thereby improving the
rate capability and cycle stability (Figure S15).

The electrochemical behavior of the pp-fibers
@VO,(B) as a cathode in a ZIB system was investigated
between 0.2 and 1.8V versus Zn/Zn** at 0.1 mVs™'. The
electrochemical behavior and performance were evaluated
by CV and the GCD. As shown in CV curves (Figure 2A),
the initial five cycles of the CV profiles of the pp-
fibers@VO,(B) are nearly overlapped, suggesting the
reversibility in the Zn//pp-fibers@VO,(B) ZIB configura-
tion. The distinct two pairs of reduction/oxidation peaks at
0.48/0.72 and 0.89/1.14V are associated with the Zn**
storage mechanism of the pp-fibers@VO,(B), which
confirmed a multiple-step (de)insertion process.® In
contrast, the VO,(B) coated on the Ti foil, used as an
electrode, had no redox peaks in the initial cycle
(Figure S16). On consecutive cycles, the two pairs of
redox peaks appeared and gradually increased by succes-
sive cycling, which is attributed to the activation process of
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the VO,(B) due to its poor electrical conductivity and
electrolyte wetting.”” The GCD profiles of the pp-
fibers@VO,(B) at 0.2Ag™' are shown in Figure S17.
Two distinct plateaus are observed in the GCD profiles,
which are consistent with CV profiles in Figure 2A,
indicating that the Zn®** storage mechanism of the
pp-fibers@VO,(B) is based on a multiple (de)intercalation
process.”® An initial specific discharge capacity of
491 mAh g is achieved, which presents a much higher
specific capacity than those of the previously reported
vanadium-based electrodes (Table S3). The GCD profiles
coincide well with the initial 10 profiles, demonstrating
excellent reversibility and stability.

The rate capability of the Zn//pp-fibers@VO,(B) based
ZIBs was investigated at different current densities from
0.2 t0 8.0 A g (Figure 2B). The pp-fibers@VO,(B) cathode
delivers the high specific capacities of 491, 458, 377, 343,
296, 281, 211, 193, and 153 mAh g_1 at 0.2, 0.4, 0.6, 0.8, 1.0,
2.0, 4.0, 6.0, and 8.0Ag_1, respectively. Even at a high
specific current of 10.0A g™, the pp-fibers@VO,(B)
cathode exhibits a high-rate capacity of 140 mAh g~". After
100 cycles at different current densities, the specific
capacity is recovered to 428 mAh g™' at 0.2 A g™, suggest-
ing that the pp-fibers@VO,(B) cathode has outstanding
reversibility. The typical GCD profiles of the pp-
fibers@VO,(B) corresponding to each of the applied
current densities show that the plateaus of the GCD
curves are well preserved even at a high specific current,
indicating superb charge transfer kinetics (Figure 2C). On
the other hand, for the VO,(B) cathode, an initial capacity
of 234mAhg™' was achieved at 02Ag '. Then, it
gradually increased due to the activation process, as
supported by the previous CV results (Figure S18A). As
the current densities gradually increase from 0.4 to
8.0Ag ™', VO,B) delivers lower specific capacities
compared to pp-fibers@VO,(B) at the same current
densities, exhibiting significant polarization between the
charge-discharge profiles (Figure S18B). The sharp differ-
ence between the electrochemical behaviors of the two
cathodes indicates that the interconnected multichannel of
the highly conductive pp-fibers framework can facilitate
the electrochemical redox Kinetics by providing VO,(B)
with both rapid percolated and continuous ion-conducting
pathways.

As shown in Figure 2D, the Ragone plot also
demonstrates the superior kinetic performance of the
pp-fibers@VO,(B) electrode compared with the other
recently reported vanadium-based cathodes, such as
71 ,5V,05-nH,0,%° Zng,sV,0s,” VS,,*° Zn;V,0,(0OH),-
2H,0,*' V0,,** 04-V0,,** and Nay 33V,05.>* The compo-
sites electrode of pp-fibers@VO,(B) not only achieves a
relatively high energy density of 378 Whkg™" at a power
density of 227 Wkg™' but also still delivers an energy

density of 108 Whkg™' at a superior power density of
11kWkg™" (based on the mass of the cathode). The
cyclic performance of the pp-fibers@VO,(B) at a low
specific current of 0.2 A g~ was investigated (Figure 2E).
The pp-fibers@VO,(B) cathode exhibits a stable cycling
performance with a high initial discharge capacity of
490mAh g™'. After 300 cycles, a high capacity of
414mAhg™" can be retained at 84% of the initial
capacity, corresponding to a capacity fading rate of
0.052% per cycle. For the VO,(B), a low initial discharge
capacity of 238 mAh g™! is delivered, and the discharge
capacity drastically decreases in consecutive cycles. After
300 cycles, the capacity retention is only 41%, corre-
sponding to a capacity fading rate of 0.195% per cycle.

To further compare the electrochemical stability, the
long-term cycling stability of the pp-fibers@VO,(B) and
VO,(B) was measured at a high specific current of
1.0 A g~ ' (Figure 2F). The capacity increased in the initial
cycle at a high specific current due to the activation
effect.’® The pp-fibers@VO,(B) cathode shows a stable
cycling performance with an initial discharge capacity of
232mAhg'. Even after 20,000 cycles at 1.0A g™, the
Zn-ion cell with the pp-fibers@VO,(B) still delivers a
high reversible discharge capacity of 186 mAhg™’,
corresponding to an imperceptible capacity fading rate
of 0.001% per cycle. Moreover, at 6.0 Ag™", the capacity
fading rate was 0.0018% up to 11,000 cycles (Figure S19).
By contrast, the maximum discharge capacity of the
VO,(B) was 137 mAh g™ and dramatically decreased to
24mAh g™ after only 4500 cycles (capacity fading rate of
0.0196% per cycle).

The morphological changes of the pp-fibers@VO,(B)
cathode were investigated by SEM to prove the structural
integrity of the cycled electrode (Figure S20). After 300
cycles at 02Ag', the morphology of the pp-
fibers@VO,(B) was well maintained without any obvious
structural deformation relative of the initial state, which
confirms the remarkable structural stability for the
composites electrode of pp-fibers@VO,(B).*

To further understand the structural changes of the
pp-fibers@VO,(B) cathode involved in the charge/
discharge processes, electrochemical in situ XRD analysis
was conducted during the first cycling process at a
specific current of 0.2 A g~" (Figure 3A). The in situ XRD
patterns (Figure 3B,C of the pp-fibers@VO,(B) show
peak ranges of 6°-6.6°, 2.5°-15.5°, 16°-35°, and 42°-62°,
respectively. The crystal planes corresponding to each
diffraction peak are marked at the top of the patterns.
Upon discharging, the overall peaks of the VO,(B)
continuously shift to a lower degree, indicating an
increase in the interlayer distance of the VO,(B)
framework, which is caused by Zn** insertion. The
lattice parameters of the VO,(B) were refined by the
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FIGURE 3 (A) Two-dimensional contour plots of the in situ XRD patterns collected in the first cycle at 0.2 A g~" and (B) corresponding
discharge/charge profiles of pp-fibers@VO,(B). (C) In situ XRD patterns of pp-fibers@VO,(B) at various discharge/charge states. SEM
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VO,(B) according to three types of electrolytes. EIS spectra at different electrochemical states during the (J) discharge and (K) charge

process.

Rietveld method. Interestingly, four peaks located at 6.4°,
12.8°, 19.6°, and 26.1° newly appeared and gradually
strengthened upon discharging from 0.5 to 0.2 V. These
four peaks can be attributed to the formation of the zinc
hydroxide triflate (ZHT; Zn,(OTf),(OH),,_,-nH,0) pre-
cipitation (Figure 3B,C).*” This result is well matched to
the previously reported ZHT pattern.>® This precipitate
demonstrates the possibility of proton insertion. As
shown in Figures 3D,F and S21, the SEM images of the
electrode at the fully discharged state (0.2V) are
significantly different from those of the discharged state
(0.5V) because the ZHT layers form at the surface of the

electrode below 0.5 V. The EDS data (discharged state at
0.2V) further confirm that the surface of the electrode is
covered by ZHT layers with a large amount of S and Zn
elements (Figure 3G). In contrast, the S element is
depleted at 0.5V (Figure 3E). This further confirms that
the proton storage process of the VO,(B) occurred
between 0.5 and 0.2V during the discharge process. In
the following charging process, the new peaks disappear
from 0.2 to 0.5V, and the VO,(B) phase returns to its
original peak positions, indicating the high reversibility
of the Zn**/H* (de)insertion process. The reversible
structural changes upon the Zn>*/H" insertion result in
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a high capacity by providing an abundant Zn** storage
site and the excellent long-term cycle stability of the Zn//
pp-fibers@VO,(B). The change in lattice parameters of
the VO,(B) during the charge/discharge processes was
observed by the Rietveld method. After Zn**/H" inser-
tion, each of the lattice parameters (a, b, and c) of the
VO,(B) was expanded by 3.30%, 3.12%, and 1.69%,
respectively, and the unit-cell volume increased by
8.52% compared to the pristine state (Figure 3H). Upon
Zn**/H* extraction, both the lattice parameters (a, b,
and ¢) and the unit-cell volume present a pronounced
reduction of about 3.73%, 3.31%, 1.63%, and 8.48%,
respectively, demonstrating that the structural change
of the pp-fibers@VO,(B) is reversible during the Zn**/
H™ coinsertion reaction.

In general, ZHT layers are formed by hydroxyl ion (OH™)
and Zn(OTY), aqueous electrolyte.”® The OH™ ions, formed
by the water decomposition reaction, react with the
(CF3S05),>” anions of the Zn salt in the electrolyte while
the H* concentration increases. These H* ions are hard to
exist in the electrolyte independently. As a result, H* could
be inserted into the VO,(B) electrode.® The pH of the
electrolyte increases rapidly between 0.5 and 0.2V
(Figure S22), which is attributed to the H* insertion and
supports the formation of the ZHT precipitation.

The structure of the pp-fibers@VO,(B) electrode at
the fully discharged state under different electrolyte
media was characterized by XRD to demonstrate the
structural changes caused by the insertion of the proton.
As shown in Figure 3I, in a nonaqueous electrolyte,
diffraction peaks are shifted to a lower angle due to
the Zn®' insertion, but no new peak appears. By
contrast, in different nonaqueous electrolytes with 1wt
% H,0, new diffraction peaks are observed in the XRD
patterns of the VO,(B). This suggests that the generated
peaks are clearly related to the insertion H*.** Thus,
the storage of Zn>*/H* can result in the composites
electrode of pp-fibers@VO,(B) having a higher capacity
(Figure S23).

To further understand the reaction kinetics of the pp-
fibers@VO,(B) cathode, EIS measurements were con-
ducted at different electrochemical states during the
discharge process.* As shown in Figure 3J, the EIS
spectra maintained a similar shape from the open-circuit
voltage (OCV) to 0.7V. However, the charge transfer
resistance (R.;) value slightly increases when the poten-
tial is close to 0.5V. As the discharge potential went
down further to 0.2V, the impedance increased dramati-
cally, showing a significant difference from that before
0.5V. When the potential goes back to 1.8V, R value
decreases to its initial value with a similar shape at
the OCV states, implying good reversibility of the

electrochemical reaction in the pp-fibers@VO,(B)
(Figure 3K). Surprisingly, even though insulating layers
on the electrode surface formed, the ZHT precipitate
showed high reversibility and long-term stability.

The composites electrode of pp-fibers@VO,(B) cathode
was prepared in the different charging states such as its
pristine state, fully charged state at 1.8V, and fully
discharged state at 0.2V to elucidate the Zn-ion storage
mechanism. The XPS spectra of Figure S24A show that no
Zn-related peaks are observed in the high-resolution Zn 2p
region, representing no Zn component in the pristine state of
the electrode. When the electrode is discharged to 0.2V, two
peaks are observed at 1045.2 eV (Zn 2p;,) and 1022.1 eV (Zn
2ps/»), demonstrating the insertion of Zn*" into the VO,(B)
framework.”” When the electrode is charged to 1.8V, the
significant decrease of Zn peaks indicates the reversibility of
the insertion/extraction process. However, some peaks
remain, which could be attributable to residual Zn salt
sediment or irreversibly absorbed Zn salt on the surface.”

CV profiles (Figure 4A), which were recorded under
various scan rates from 0.1 to 1.5mV s~ !, were investi-
gated to understand the outstanding power performance
for the composites electrode of pp-fibers@VO,(B) cath-
ode on ZIB. As the scan rate increases, two pairs of peaks
in the oxidation and reduction states gradually shift
toward higher and lower potentials, suggesting the
presence of a typical surface-confined pseudocapacitive
behavior.** The four peaks marked as A;, A,, C;, and C,
in Figure 4A could be described by the relationship
between the current (i) and the scan rate (v) in the CV
profiles, as shown by the following power-law formula®:

i=avb, (1)

where the b value is the key parameter for estimating the
dominant storage process of the Zn ions between the
capacitive-controlled (b=1.0) and diffusion-controlled
process (b =0.5), which is determined by the slope of the
corresponding logi versus logv) plots. As shown in
Figure 4B, b-values of A;, A,, and C, are calculated to be
0.835, 0.701, and 0.712, respectively, implying that the
capacity of the pp-fibers@VO,(B) is dominated by the
surface-capacitive electrochemical reaction. On the other
hand, the b value of C1 is lower at 0.510, indicating that
the C, peak is dominated by a diffusion-controlled
process, and most of the capacity at a high scan rate is
dependent on the redox kinetics of the C, peak.*

The relative contribution of the capacitive- and
diffusion-controlled processes are quantified by the
following equation:*’

l(V) = k17/ + k27)0'5. (2)
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(w™?) in the low-frequency region for Zn-ion cells with pp-fibers@VO,(B) and Ti-VO,(B) cathode. (G) GITT analysis and the corresponding
diffusivity coefficient (D value) of the Zn>* at pp-fibers@VO,(B) and Ti-VO,(B) cathode, respectively.

Here, Equation (2) can be modified as follows:

i)/ = kgv®s + ky, (3)
where the terms of kv and k,°° pertain to the
capacitive- and diffusion-controlled processes, respec-
tively. The linear relationship plots between i(V)/v%>
versus ¥%°, and then the value of k; and k, can be
calculated by Equation (3). As shown in Figure 4C, 63.9%
of the total capacity is dominated by the capacitive-
controlled contribution at 0.9mVs™' (blue-colored
region). With the increase in the scan rate, the ratio of
the capacitive-controlled contribution at 0.1-1.5mV s~
gradually increases from 30.3 to 71.1, demonstrating that
the high rate capability of the pp-fibers@VO,(B) is
associated with the surface pseudocapacitive behavior
(Figure 4D).

The improved electrochemical performance was
further investigated by EIS measurements (Figure 4E).
Both electrodes show one semicircle in the high-
frequency region and a straight line in the low-
frequency region. The R, value of the pp-fibers@
VO,(B) was measured to be 145.1 Q, which is much
lower than that of VO,(B) (281.80 Q), indicating that the
introduction of the pp-fibers can be a synergistic
contribution to the electronic conductivity of VO,.
Figure 4F shows the linear relationship between the real
impedance (Z') and low-frequency region (w~"/?) for the

pp-fibers@VO,(B) and VO,(B), representing the solid-
state Zn*"* diffusion within the bulk of the electrode. The
linear slope suggests the degree of Zn>* diffusion into the
internal electrode.*® The slope of the pp-fibers@VO,(B)
was calculated to be 7.85, which is lower than that of the
VO,(B) (20.18), further confirming the fast Zn** diffu-
sion pathway provided by the porous pp-fibers
framework.

The GITT was used to estimate the charge species
(zn**/H") diffusion coefficient in the pp-fibers@VO,(B)
(Figure 4G). The average diffusion coefficient values of
the discharge and charge processes were measured to be
5.6x1077 and 3.5x 10" °cm®s™" in the working voltage
window, respectively, which is much higher than those
of the VO4(B) cathode (1.3 x10™° and 2.4 x 10~ for the
diffusion coefficient value of the discharge and charge
processes, respectively). This result further confirms that
the pp-fibers@VO,(B) enables rapid charge species
migration into the electrodes, resulting in a superior rate
capability.

For the high-resolution V 2p region (Figure 5A), the
fitted V 2p of the pristine electrode is located at 523.7 (V
2p1,») and 516.3eV (V 2ps,,), corresponding to the V**
species.*”” When the electrode is fully discharged to 0.2V,
the V** peaks are slightly weakened and shift to the
high-binding-energy region, while new peaks appear at
522.9 and 515.9¢V, indicating the partial reduction of
V** to V** due to the H*/Zn** co-(de)insertion.”* After
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FIGURE 5 High-resolution XPS spectra of (A) V 2p and (B) O 1s in the initial- and fully discharged/charged states of pp-fibers@VO,(B).
The V K-edge in XANES of pp-fibers@VO,(B) during (C) the first discharge and (D) the first charge process.

the electrode was fully charged to 1.8 V, the V 2p spectra
returned to its original state as V** as well as partially
further oxidized to V°* state.”® Meanwhile, the high-
resolution O 1s region of the pristine state is divided into
two peaks at 529.8 and 530.9 eV, which correspond to
V-0 and C-O0, respectively (Figure 5B). The new peak at
532.3eV related to —OH was found to increase after
discharging process and decrease following charging
process the existence and reversibility of the ZHT
precipitation.”’ In addition, the formation and reversibil-
ity of the ZHT were also confirmed by the S 2p XPS
spectra (Figure S24B), further suggesting that the
electrochemical reaction of the pp-fibers@VO,(B) cath-
ode for the ZIB results from the coinsertion/extraction of
the Zn** and H*.*

To further demonstrate the changes in the valence
state and local chemical environment of the VO,(B)
crystal, in situ XANES measurements were done on the
pp-fibers@VO,(B) electrode. The V K-edge XANES can
be assigned to three regions: pre-edge (1s core level to 3d
state), K-edge, and edge resonance (1s core level to 4p
state).”® In particular, the intensity of the pre-edge is
sensitive to the local geometrical configurations, and it
could be used to derive the structural and chemical
information in the local geometrical symmetry of the V

atoms qualitatively. Figure 5C shows the normalized V
K-edge XANES spectra of the pp-fibers@VO,(B) cathode
during the discharge process. The K-edge of the V
continuously shifted to the lower binding energy on the
insertion of Zn ions, corresponding to a decrease in the
average oxidation state of the V due to the insertion of
the Zn**/H*. In addition, the position of the pre-edge
also shifted to lower values and its intensity weakened,
indicating the weaker extent of the distortion of the
monoclinic geometry in the VO,(B). After the charging
process, the K-edge and pre-edge of the V nearly
recovered to the initial state, demonstrating the struc-
tural reversibility of the VO,(B) (Figures 5D and S25).
To validate the practical feasibility of the pp-
fibers@VO,(B) electrode, Zn//pp-fibers@VO,(B) pouch
cells with an area of 12cm? (3cm in widthx4cm in
length) were assembled. Furthermore, to show the
flexible characteristics of the pouch cells, carbon felt
with electrically deposited Zn was used instead of Zn foil
(Figure S26). As shown in Figure 6A, the GCD profiles of
the Zn//pp-fibers@VO,(B) pouch cells show similarity to
those of the coin-type cell in the voltage range of
0.2-1.8 V. The GCD profiles under various bending states
also exhibit a stable electrochemical behavior, showing
excellent flexible properties and the possibility of
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FIGURE 6 (A) GCD curves of Zn//pp-fibers@VO,(B) at
various bending states. Optical images of (B) a commercial electric
timer powered by one device and (C) a commercial mini electric
fan powered by two devices in series.

supplying a power source to practical wearable
devices.’**° Furthermore, the practical applicability of
the assembled pouch cells was demonstrated through the
operation of an electric timer and a mini electric fan,
revealing the ability of the Zn//pp-fibers@VO,(B) pouch
cells to provide a high energy output and serve as a
power source under practical use (Figure 6B,C).

4 | CONCLUSIONS

In summary, this paper reported a novel approach to
use polydopamine-derived pyroprotein-based fibers,
pp-fibers, as a flexible current collector for aqueous ZIBs.
Self-supported VO,(B) nanosheets were grown uniformly
on pp-fibers by a facile hydrothermal process and used
directly as a cathode. In an aqueous Zn(OTf), electrolyte,
the reversible H*/Zn>* cointercalation mechanism was
demonstrated by combining electrochemical measure-
ments with various analytic techniques. In particular, it
was demonstrated that the H* (de)insertion process is
induced through the reversible formation/decomposition

CARBON ENERGY-WI LEY—| o

of a ZHT precipitation on the surface of the cathode
during the cycling, resulting in an additional increase in
capacity. The composite cathode of pp-fibers@VO,(B)
delivers a high specific capacity of 491 mAhg™' at a
specific current of 0.2 A g~* and a superior rate capability
of 140 mAh g™ at 10.0 A g™*. In addition, the maximum
energy and power densities of the prepared ZIBs were
378 and 11 kW kg, respectively (based on the mass of
the cathode). Furthermore, the assembled soft-packed
Zn//pp-fibers@VO,(B) pouch cells show excellent flexi-
bility and stable electrochemical performance under
various bending states, which could be a promising
candidate for portable and wearable power sources.
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