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We report an aqueous Zn-rGO-V,05-SiO, pouch-type recharge-
able zinc ion battery (ZIB) with a rGO-V,05-SiO, hybrid nanocom-
posite as the cathode, Zn as the anode, and 0.5 M Zn (CF3SO3); as
the electrolyte. The rGO-V,05-SiO, hybrid cathode, in the
presence of an aqueous electrolyte, intercalated Zn?* ions in its
3D layers due to the high surface area and porosity of the devel-
oped nanorod structures. Furthermore, the combined electrical
conductivity of rGO and V,05 with high water adsorption capacity
of silica synergistically affects the charge—discharge rate and sta-
bility of the ZIB. As a result, the aqueous rechargeable battery
depicts a specific charge capacity of 640 mA h g~* at 200 mA g~
and a high-performance rate of 890 mA h g~ at 20 mA g~ which
are further stacked in series to obtain a capacity of 502 mA h g~ ! at
12 V. The pouch cell configuration makes this battery a potential
candidate for large-scale energy storage applications.

1. Introduction

In today’s era, while energy demand is continuously increasing,
the quest for alternative energy sources is on the rise.'” The
electrochemical energy storage devices, such as batteries and
fuel cells, that can integrate with the renewable energy systems
can fill this deficit and provide a clean energy solution.””
Currently, the largest market share of portable electronics
belongs to lithium-ion batteries, and they are widely applicable
due to their long-life cycles, high energy densities and wider
working voltage range.*” However, their prolonged usage is

“ Department of Chemical Engineering, Indian Institute of Technology Jammu,
Jammu, Jammu and Kashmir, 181221, India. E-mail: ravi.arun@iitjammu.ac.in

b pepartment of Mechanical Engineering, Indian Institute of Technology Kanpur,
Kanpur, India

¢ Materials Processing and Microsystems Laboratory, CSIR-Central Mechanical
Engineering Research Institute, Mahatma Gandhi Road, City Center, Durgapur
713209, West Bengal, India

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3ya00158j

© 2023 The Author(s). Published by the Royal Society of Chemistry

@ Anuj Kumar,® Gautam Biswas,” Nripen Chanda

¥ ROYAL SOCIETY
PP OF CHEMISTRY

An aqueous rechargeable and high-capacity zinc
ion battery using a novel rGO-V,05-SiO, hybrid
nanocomposite as a cathode materialf

¢ and

hindered by the limited resources of Li, its high cost, and the
combustible organic electrolytes.® Comparatively, aqueous
rechargeable batteries are a promising candidate with naturally
abundant Na*, K, and Zn”" ions.” Among them, exceptional
properties have been shown by the aqueous rechargeable Zinc
ion batteries (ZIBs) with a high volumetric capacity and low
redox potential of Zn/Zn** (—0.762 V vs. SHE).'® The ZIBs have
drawn extensive attention due to their low maintenance, high
safety, cost effectiveness and less environmental impact.''
However, there is still an issue with the active electrostatic
synergy between Zn>"and the positive cathode material due to
the high hydrated ionic radius of Zn*' (4.04-4.30 [A]) that
creates a slowdown in exchange for Zn>* intercalation into
the host cathode material.'* Several efforts have been invested
in developing host materials for ZIB cathodes, such as organic
compounds, molybdenum-based sulfides, Prussian blue analo-
gues (PBAs), manganese oxide, and vanadium-based oxides."* '
In the midst of these, vanadium pentoxide (V,0s) is a broadly
suitable cathode material because of the high storage capacity of
Zn" ions in the layered structures (~589 mA h g~").* However,
surprisingly, crystalline V,05 suffers from sluggish dispersion of
divalent Zn>* to augment the effective interaction along with the
matrix due to unwanted structural strength in the cyclic Zn**
insertion/extraction mechanism.>> There are several ways to
resolve these complications, such as pre-intercalation of V,0s
crystals by external molecules (e.g., polymers and H,0) and
metal ions (e.g., Li", Ca**, and Zn**), and creating additional
O, vacancies in the V,0s lattice. In this context, an amorphous
V,05 xerogel (V,05-nH,0) has been used to overcome the slug-
gish reaction kinetics of Zn>" to make this energy storage system
fast and reversible.”®

Amorphous V,05; with a disordered structure provides a
significant enhancement in the intercalation of Zn>" ions with
the increment of active sites and short-range diffusive paths,
making it facile enough at the time of cycling of ions in
comparison to crystalline V,0s5.>* Though amorphous V,O;
shows enhanced Zn>" intercalation, low electrical conductivity
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remains an open challenge for both crystalline V,05 and
amorphous V,05.2° Previously, the electrodes in ZIBs have used
conductive additives such as graphene, carbon black, carbon
nanotubes (CNTSs), etc. to improve their performance.?® Out of
these, flexible 2D graphene is distinctly favorable in the creation of
connected conductive networks,”” offering effective charge trans-
mission over the V,0Osbased -electrodes.”® Moreover, V,Os
nanosheets and graphene can be coupled together, creating a
vigorous 2D heterostructure that includes numerous interfacial
cooperation among the two systems, and hence approaching an
evident improvement in the electrical conductivity, adsorption of
the metal ions, and consequent enhancement of the electrochemi-
cal performance.”

In addition, earlier works utilized a multistep process to
synthesize V,0s-graphene composite electrodes, which included
hydrothermal reactions, long-run sol-gel reactions, sluggish
freeze-drying, and thermal post-treatments (to retain conductivity
of GO).*>*" The excessive annealing (=400 °C), however, may
cause the loss of water of crystallization in V,05 and deteriorate
the electrochemical performance in ZIBs.>*** Thus, the fabrica-
tion of electrode materials requires significantly lower tempera-
tures (150 to =200 °C) and involves GO, which is directly
synthesized from the modified hummers method.”* Regarding
the structural properties of the electrode materials, the 3D struc-
ture of the anode materials has been attributed to the uniform
nucleation of Zn and suppressed the dendrite growth on the
anode side in a ZIB.?® 3D SiO, affects the specific capacity values
of the battery due to enhanced ionic diffusion owing to its
excellent stability, high surface area, porous nature, and water
adsorption ability.>* The recent advancements of 3D Zn ion
batteries, which have potential applications in wearable electro-
nics, show a capacity retention of more than 84% after 1000 cycles
with a capacity of 148.3 mA h g '.** However, unlike anode
materials, no such cathode materials have the appropriate lattice
structure to accommodate Zn”* at high current density. Therefore,
developing newer cathode material is essential to provide rever-
sible and prompt Zn>* ion intercalation/de-intercalation for better
ZIB performance.

Herein, we report an aqueous rechargeable battery using a
zinc anode and rGO-V,05-SiO, hybrid composite as the cathode
material to enhance the overall electrochemical performance.
The rGO-V,05-Si0, has a nanospheric 3D layer structure
composed of cylindrical nanorod particles synthesized by the
hydrothermal technique. The hybrid nature facilitates the inser-
tion/extraction of Zn>* during the cycling process due to the high
surface area and porosity of the cathode material, thus increas-
ing the energy storage capacity of the battery. The combined
electrical conductivity of rGO and V,0s with the high water
adsorption capacity of silica can synergistically affect the perfor-
mance rate capability and stability of the ZIB.>***> When used as
the cathode material in aqueous rechargeable ZIBs, the rGO-
V,05-Si0, composite demonstrates a specific capacity of
640 mA h g ! at 0.200 mA g ' and high-performance rate of
890 mA h g~ at 20 mA g™ ". The series combination of ZIB-based
pouch cells for a 12 V stack shows the stable charge-discharge
performance at 200 mA g " after 80 cycles, measured at the
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capacity of 502 mA h g~". The pouch cell configuration with an
active material loading of ~ 7.3 mg cm™2 is an attempt towards
large scale energy application of ZIBs.

2. Results and discussion

V,0s5 shows an orthorhombic crystal structure with short inter-
layer spacing.®® To enhance the spacing between the layers,
reduced graphene oxide (rGO) has been introduced between the
V,0s layers. Initially, SiO, with water absorption capacity is
added to the V,0s. Afterward, the graphene oxide is mixed with
the V,05 and SiO,, followed by a hydrothermal process which
leads to redox reactions in acidic conditions. The rGO layers
intercalate around the inner layers of the V,0O5 crystal structure.
This is followed by covering with the SiO, layer like an envelope
around the V,0s layers, creating cylindrical nanorods. This way,
a noticeable expansion is obtained in the interlayer spacing of
V,0s. Concurrently, the insertion of the rGO causes the limited
reduction of V°* to V**.*” The mixed V,05-SiO, and the con-
ducting surface of rGO collectively improve the ion/electron
transport kinetics of V,05 leading to an efficient ion transport
capacity.’” Herein, a pouch cell configuration of Zn/rGO-V,05-
SiO, is developed via hydrothermal growth and by following the
subsequent steps. We used carbon-coated aluminum foil as
current collector, Zn foil as anode and rGO-V,05-SiO, hybrid
nanocomposite as the cathode. A packaging bag of aluminum
was used with the addition of electrolyte to pack the cell. An
operational exchange of ions in the cages of the cathode
material is shown in Fig. 1, which depicts the intercalation-
deintercalation process in the pouch cell.

The primary interactions in the cell are between the zinc
ions in the electrolyte and the cathode materials. During the
discharge process, the anodic Zn is oxidized to Zn** ions, which
intercalate into the layered structure of rGO-V,05-SiO,. The
intercalation of Zn ions into the cathode material leads to the
generation of electrons, which flow through the external circuit
and power the device. During the charge process, the Zn>" ions
reduce back to the Zn anode, and the intercalated Zn** ions

O

Separatoua Cathode

/ Anode

‘-VZOQ%GO ®-sio, » ;-craso}é

Fig. 1 Charge-discharge process with the structural alignment of the
pouch cell describing the transportation of Zn?* ions in the presence of
electrolyte with the cathode material.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) FESEM image of rGO-V,05-SiO,; (b) TEM image of rGO-
V,05-SiO,; (c) TEM image of the composite showing square plated
nanorods of V,Os, along with the V,05-SiO, framework; (d) the compo-
site of rGO-V,05-SiO,.

diffuse back to the electrolyte to keep the concentration of zinc
ions constant in the electrolyte. The rGO serves as a conductive
surface that improves the electrical conductivity of the cathode
material. This enables faster electron transfer during the redox
reactions, leading to improved battery performance.*® Fig. 2
displays the surface morphology of the nanocomposite rGO-
V,05-Si0,. As seen in Fig. 2a, the SiO, has a loose cotton-like
structure, while the V,05 sample exhibits square-shaped rods
that are distributed irregularly. In other words, V,05 nanorods
can be seen scattered throughout the cotton-like SiO, frame-
work and their distinct phases over a large area can be seen in
Fig. 2b. TEM images provide crucial information about particle
size, shape, and distribution. TEM imaging of Fig. 2c reveals
that square plated nanorods of V,0s, along with the rGO-V,05-
SiO, framework, are present on the surface of the rGO
nanosheets. However, the elongated direction of V,05 flakes
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attached to the rGO nanosheets, as shown in Fig. 2d, creates a
high wall surface in the 3-D architecture. This rough surface in
the rGO-V,05-SiO, composite facilitates rapid ion intercalation,
leading to superior performance of the Pouch cell compared to
using V,05 alone. SEM images of a single sheet of rGO in Fig. S1
(ESIt) suggest its presence in the composite, and Fig. S2a and b
(ESIt) shows a large area of V,05 containing the nanospheres
and SiO, all over the surface of the nanorods. EDS was employed
to identify the composition of the rGO-V,05-SiO, hybrid nano-
composite. The imaging spectra in Fig. S3 (ESIt) clearly show the
dispersion of elements throughout the structure and confirm the
presence of Si, V, C and O in the nanocomposite. According to
quantitative elemental analysis in Fig. S2c¢ (ESIt), the atomic
ratio of Si/V is near the beginning proportion of the precursors.

XRD was used to describe the crystal structures of the rGO-
V,05-Si0, hybrid nanocomposite. Fig. 3a shows a broad peak
in the SiO, XRD pattern, suggesting that the obtained SiO, is
amorphous. No impurity peaks are visible in the V,05 samples,
and all peaks are compatible with orthorhombic V,05 (JCPDS
no. 41-1426). The two phases of V,05 and SiO, are preserved
after hydrothermal treatment, according to the XRD patterns of
the V,05-Si0, hybrid samples. After the addition of GO in the
composite, according to the degree of reduction, the peak
position of the GO sheets shifts into higher scattering angles
when GO is reduced by thermal treatment and converting to
rGO. The narrow and sharp diffraction peaks in the patterns
indicate that the samples have a high degree of crystallinity. It
is important to mention that the XRD peaks of the rGO-V,05-
SiO, hybrid nanocomposite are slightly shifted in comparison
to V,0s, indicating that the partially reduced graphene
nanosheets are evenly dispersed in the composites. This dis-
persion is facilitated by the presence of V,0s; nanoparticles
resulting in increased interlayer spacing that may affect the
crystal structure of the composite.*®

Raman spectra have also been investigated to analyze the
vibrational modes of the nanocomposite. There has been found
a series of feature peaks at 98.03, 172.89, 272.52, 431.52, 509.16,
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Fig. 3
irradiation of a 532 nm laser.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD spectra of rGO-V,05-SiO,, V,05-SiO,, and only SiO, materials; (b) Raman spectra of the composite (rGO-V,05-SiO,) under the
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696.85, 1013, 1353, and 1595.63 cm™ ' corresponding to vibration
spectra of V,0s, SiO, and rGO. Under normal conditions, the
lower wavenumber presented here as 98.03 and 172.89 cm '
corresponds to the chain translational modes present in the
layered structures, which shows a good agreement with the
device intercalation mechanism. The significance of bending
vibrations depicted by the peak at 272.52 and 431.52 cm '
corresponds to V=0 and V-O-V bonds, respectively. The Raman
shift at 509.16 cm ™" can be connected to the stretching vibration
of the V3-O bond by the oxygen with three coordinated V ions.
Moreover, the Raman bands recorded at 1013 and 509.16 cm ™ *
correspond to the edge stretching vibration of the V1I=— 0 and
V2-0 bonds, respectively. Besides, the Raman shifts exhibited
the intensities of the D and G peaks at 1364.2 and 1591.5 cm ™%,
respectively in Fig. 3b.

The V,05-Si0, and SiO, samples have been characterized by
FT-IR spectroscopy (Fig. S4, ESIt), showing strong silica matrix
bands. Both the materials display absorption peaks at 819,
1099, 1632, and 3473 cm ™, corresponding to the vibration of
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doubly coordinated oxygen bonds (bridge oxygen), the stretching
vibration of terminal oxygen bonds (V=O0), the H-O-H bending,
and the O-H stretching vibration modes of H,O molecules,
respectively. The bands at 798 cm™ ' and 802 cm ™ are attributed
to Si-O-Si symmetric stretching, while the broad bands in the
1000-1200 cm™ " range are attributed to asymmetric Si-O-Si
stretching. Moreover, the broad bands observed at about
3400 cm ™' are attributed to O-H stretching vibration. SiO,
framework vibrations dominate the FT-IR spectra of the V,05-
SiO, composite. However, the V=0 stretching band at about
1010 cm ™' in the spectra might be attributed to asymmetric
V-O-V stretching. The Raman spectrum has also been investi-
gated to analyze the vibrational modes of the nanocomposite.
The electrochemical performance of the single pouch cell
and its series combination is tested using a battery analyzer. As
detailed in the experimental and supplementary information
sections, the cathode material is prepared using the combi-
nation of rGO, SiO,, and V,0s. The single pouch cell is
fabricated in ambient conditions with the cathode material,
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(a) rGO-V,05-SiO; cyclic voltammetry spectrum. We investigate the redox process of the rGO-V,05-SiO, cathode to explain the high-rate

performance. This picture depicts the cathode’s cyclic voltammetry (CV) curves at a scan rate of 1.0 mV s~%. The figure demonstrates two pairs of redox
peaks in the CV curves that are compatible with the steady discharge charge profiles. (b) CV curves of rGO-V,05-SiO; at different scan rates from 1.0 to
5.0 mV s~%. Electrochemical fitting and theoretical calculation of the long-term chemical kinetics. (c and d) Fitting of the multi-sweep rate CV curves
ranging from 1to 5 mV s~ 1.
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i.e., the rGO-V,05-Si0, nanocomposite, zinc foil as an anode,
and Zn (CF3S03), as the aqueous electrolyte. Fig. 4a shows the
CV of rGO-V,05-Si0, at a scan rate of 1.0 mV s . During
the anodic scan run, two peaks are observed, one at 0.71 V and
the other at 0.83 V, which shows the oxidation peaks, and the
vice versa reduction peak are also observed at 0.54, which are
caused by the zinc ion intercalation/deintercalation during the
discharge/charge processes. This suggests that the zinc ions are
involved in the electrochemical processes of the Zn/rGO-V,0s-
SiO, electrodes with the hybrid Zn (CF;S0;), electrolyte. An
improvement has been recorded in the electrochemical perfor-
mance as observed in the CV graphs, which may be the effect of
the cotton-like structure of SiO, around V,05 on the rGO
planes, showing a good agreement with the SEM results.
Fig. 4b displays reaction kinetics obtained through CV curves,
demonstrating that the shapes of the curves remain well-
maintained even with increasing scan rates. This indicates that
the charge storage mechanisms in the Zn-rGO-V,05-SiO,
nanocomposite battery are robust and unaffected by changes
in the scan rate. The well-maintained shapes of the CV curves
imply that the charge storage processes within the nanocom-
posite are reversible and occur at a relatively fast rate. In
addition to this, current versus scan rates and square root of
scan rates as shown in Fig. 4c and d exhibit linear behaviour
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with increased scan rate.® The absence of significant changes
in the curves with increasing scan rates suggests that the charge
transfer kinetics are not limited by the surface adsorption rate,
diffusion processes, or other factors that could cause deviations
in the CV curves.”' The consistent shape of the CV curves over a
range of scan rates is often indicative of a highly conductive
and stable electrode material. This suggests that the Zn-rGO-
V,05-Si0, nanocomposite possesses favourable properties for
energy storage applications, such as efficient charge transfer
and minimal degradation over multiple charge-discharge
cycles.*>** The typical galvanostatic discharge/charge curves of
the rGO-V,05-SiO, hybrid nanocomposite in an aqueous elec-
trolyte (0.5 M Zn (CF3S0;),) at a current density of 200 mA g~
are shown in Fig. 5c. The initial discharge and charge capacity
values of the rGO-V,05-SiO, nanocomposite based on the
weight of total cathode material was found to be 500 and
640 mA h g, respectively. The V,05 squared nanorods, covered
with SiO,, are dispersed on rGO as shown in the SEM and
TEM, indicating that the surface of the V,05 nanorods in contact
with the electrolyte is increased, which might contribute to the
exhibited higher capacity. Additionally, the mesoporous SiO,
might facilitate mass transport during the charge/discharge
process, increasing the capacity. Fig. 5a and b display the cycling
performances of the hybrid nanocomposite rGO-V,05-SiO, in
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Fig. 5 Galvanostatic charge—discharge profiles at varying current densities. (a) Cycle performance at different current densities at 20 mA g~* and
(b) 200 mA g% (c) voltage supply at different specific capacities; (d) coulombic efficiency of a single cell.
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Fig. 6 (a) 12V battery power supply at different specific capacities; (b) cycling performance of the 12 V battery at a constant current density of 200 mA g~2.

an aqueous electrolyte. It was found in Fig. 5a that the capacities
of rGO-V,05-Si0, maintain the initial capacity of 890 mA h g~*
up to 120 cycles of charge/discharge in the aqueous electrolyte at
a current density of 20 mA g~ '. The corresponding coulombic
efficiencies around ~100 at 20 mA g~' have been shown in
Fig. 5d, which is in good agreement with the cyclic retention data
of the cell. Similar behavior has been shown in Fig. 5b at a
higher current density of 200 mA g~ .

This consistency in the capacity values can be attributed to
the significant reduction in the phase change of the active
materials. The reaction occurs between the active material in
the presence of adsorbed water of SiO, and without the disin-
tegration of the electrolyte or the dissolution of transition metal
ions. The following reactions show the cathodic and anodic
process on the electrodes.

Electrochemical Impedance Spectroscopy (EIS) was employed
to gain additional insights into the system. The Nyquist plot,
along with its corresponding Bode plot, revealed a linear trend in
the high-frequency region for the charged device at 1.4 V. This
linear trend suggests the association and dissociation of Zn
metal ions within the system in Fig. S6 (ESIT). Additionally, a
closer examination of the Nyquist plots using the -equivalent
circuit” model indicated significant variability in the interfacial
charge transfer resistance within the electrolyte. Table S1 (ESIt)
shows the fitting factor with R1, R2, P2, and n1, which are the
resultants of the fitting of the equivalent circuit.*®** The study
indicates that the synergistic effect of the water adsorption
capacity of SiO, and the structural capabilities of V,05 play a
significant role in high-capacity ZIBs. Also, the aqueous 0.5 M Zn
(CF3S03), electrolyte supports better cycling stability by decreas-
ing the water molecules surrounding Zn>" ions, thus improving
charge transfer.>* In Fig. 6, the series combination of the
individual cell produces 12 V energy. A total of 9 cells are
connected in this configuration, as shown in Fig. S5 (ESIY).
The corresponding charging-discharging performance of the
cell stack is shown in Fig. 6a. The cycling performance of the
12 V battery configuration at the current density of 200 mA g~ *
demonstrates a high specific capacity of >500 mA h g ", as
shown in Fig. 6b. This pouch cell configuration is an attempt to

802 | Energy Adv, 2023, 2, 797-804

realize the potential of the zinc ion battery for commercial
applications. The parameters of the Zn ion battery are summar-
ized and compared with other reported literature. Table S2 and
Note 1 (ESIT) show a comparison of the coin cell and pouch cell
capacities. Of note, the stability of the electrode is preserved even
after a long cycling duration. It can be clearly seen in Fig. S7a
and b (ESIt) that the Zn sheet is maintained with integrity of its
structure. However, some of the parts look etched at the nano-
scale, which could be attributed to the initial dissolution of zinc
to achieve equilibrium with the Zn (CFsSO;), electrolyte. On
another hand, Fig. S7c and d (ESIt) clearly show the well
preserved composite morphology after a long duration of 120
cycles. SiO, with a spherical cotton-like structure with V,Os
nanoplates and the presence of rGO sheets can be visualized
from the FESEM micrographs. The EDS spectra for a square
shaped area in Fig. S7e and f (ESI}) also depict the minimum
dissolution of the zinc after 120 cycles, which was also reported
earlier to demonstrate the chemical kinetics of the cell.*®

3. Conclusions

In conclusion, we have developed a rGO-V,05-SiO, nanocom-
posite-based cathode material in an aqueous electrolyte-driven
ZIB using a hydrothermal technique. The synthesized material
was analyzed using XRD graphs and FESEM demonstrating the
existence of a porous structure in the cathode material, thus
providing an enhanced interlayer spacing for Zn>" intercalation.
The resultant Zn-rGO-V,05-SiO, cathode can deliver a high capa-
city of 890 mA h g~' at 20 mA g ' along with excellent rate
performance and cycling stability (~97% capacity retention for at
least 120 cycles). Extensive characterization of the cathode material
at different charge/discharge states revealed that the cathode is
highly reversible and stable.
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