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Aqueous zinc-ion batteries are regarded as promising candidates for future energy storage devices because
of their high safety. Due to the dissolution in the aqueous electrolytes, most vanadate-based zinc-ion
batteries suffer from continuous capacity fading. In some cases, a capacity reactivation process can be
observed in vanadate-based cathodes after capacity decay. Herein, we employed electrochemical
methods and characterization techniques to study the reaction mechanism of capacity reactivation in
Ago33V20s5 cathodes. Our preliminary results suggested that the reactivation is due to an in situ
crystalline structure evolution in the cathode materials. Under the electrochemical condition, a new
phase Znz(OH),V,05-2H,0 irreversibly formed on the initial cathodes, which prevented the dissolution

of vanadate and further resulted in the capacity increase. Moreover, we confirmed the unique
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Accepted 16th August 2023 intercalation pseudocapacitive behavior in the reconstructed Zns(OH),V,05-2H,0, which provided fast

ionic diffusion to facilitate electrochemical performance. Accordingly, our study offers a new

DOI: 10.1039/d3ta04030e understanding of the capacity change of the vanadate-based cathode materials and provides a more
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1. Introduction

Lithium-ion batteries are currently essential for portable energy
storage for digital devices and the transportation sector,
however, due to the application of organic electrolytes, there are
still many safety concerns limiting their implementation.*™* In
this regard, aqueous zinc-ion batteries (ZIBs) have recently
received attention due to their intrinsic advantages, including
high safety, low cost, and environmental friendliness.**"
Different types of cathode materials, including manganese
oxides,"** vanadium oxides,'*** Prussian blue analogs,**** and
even organic cathodes,*” have been widely utilized in the ZIBs,
among which, vanadate-based cathodes, especially V,0s-origi-
nated species, have been extensively studied. Specifically,
because of the multivalent property, the open layered structure,
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general explanation of the capacity reactivation in aqueous zinc-ion batteries.

and the support from the intercalated cations, V,0s-based
materials can store more Zn>" to provide higher capacity.?*3?
Moreover, nanosized morphology efficiently promotes ionic
diffusion to boost reaction kinetics.

Unfortunately, V,0s-based cathode materials experience
obvious dissolution in the aqueous electrolytes, inhibiting the
capacity and stability of the batteries. However, it has been re-
ported that a capacity reactivation process occurred during
cycling even after capacity fading.** Various possible expla-
nations and hypotheses, including moderate penetration of the
electrolyte, gradual utilization of active materials, and slow
replacement of host cations between V-O layers, have been
proposed to illustrate the increase in capacity.*”*>** While these
factors may contribute to the capacity increase during cycling,
they do not fully explain the complex reactions taking place
within the cathode materials. Therefore, detailed characteriza-
tion and electrochemical measurement are necessary to be
applied for checking the actual reaction mechanism behind the
capacity change.

Recently, it has been reported that vanadate-based cathode
materials experienced a structural transition into a new phase
during cycling, providing improved electrochemical perfor-
mance.*>** The deep reconstruction of the cathode is consid-
ered to provide better ion diffusion, higher conductivity, and
more ion insertion sites, contributing to the enhanced Zn**
storage ability and exhibiting higher capacity.*® A typical
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product of this transformation process, Zn;V,0,(OH),-2H,0, is
derived from a rapid reaction between the original vanadium-
based cathodes and the electrolytes.*”* Lu et al. revealed the
dissolution mechanism of V,05 in the aqueous electrolyte by
simply submerging a V,05 cathode into a Zn(CF;S03), electro-
lyte, demonstrating that a spontaneous reaction between the
cathode and electrolyte caused the formation of ZnsV,0O,(-
OH),-2H,0.” The nanoflake-like newly transformed phase
provided high surface area and electrolyte penetration, leading
to better accessibility and faster reaction kinetics. Moreover,
Tao et al. proved the enhanced pseudocapacitive behavior in the
reconstructed ZnVO materials, significantly improving the rate
performance.* Inspired by the above results, we consider that
capacity change is highly related to the in situ reconstruction of
cathode materials and the properties of the reconstructed
products. Under such circumstances, we employed vanadate-
based cathode Ag,33V,05 (AgVO), which exhibits capacity
reactivation during cycling, to unveil the connection between
capacity change and structure evolution to understand the
reaction mechanism behind the capacity increase. By applying
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different characterization techniques, we discovered the in situ
transition from the original cathodes into Znz(OH),V,0;-2H,0
(znvO). In the initial cycles, the ZnvO mitigates the dissolution
of cathodes via coating on the cathodes as a protective layer.
Beyond the protection, we propose that the formation and
accumulation of ZnVO result in a capacity increase after
degradation. Electrochemical measurement proved the
intrinsic intercalation pseudocapacitive behavior of ZnVO,
which is confirmed by the density functional theory (DFT)
calculations that Zn®" has fast ionic diffusion in ZnVO. In
general, we have connected the capacity drop and capacity
reactivation during cycling with the reconstruction of cathode
materials, proposing a universal and general explanation for the
capacity change in ZIBs.

2. Results and discussion
2.1. Characterization of Ag, ;;V,0s5 cathode material

The AgVO cathode material was synthesized by a one-step
hydrothermal method (synthetic details can be found in the
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(a) XRD pattern of AgVO powder. Inset is the crystalline structure of AgVO. (b) SEM images of nanobelt-like morphology of AgVO. (c)

! (d) XRD pattern of the AgVO cathode after the first cycle at

0.1A g™t (e) TEM and HRTEM images of AgVO cathode fully charged to 1.4 V in the first cycle. (f) HAADF-STEM element mapping images of AgvVO

nanobelt after the first cycle. (g—
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i) XPS spectra of V 2ps,», Zn 2p, and Ag 3d, respectively, in the first cycle.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta04030e

Open Access Article. Published on 16 August 2023. Downloaded on 6/22/2026 4:51:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

ESI}). The crystalline structure of AgVO was studied by powder
X-ray diffraction (XRD), which suggests a high-purity material
without detectable crystalline byproducts (Fig. 1a). The absence
of the V,0;5 peaks illustrates the successful doping of Ag" into
V,0s. The crystal structure sketch image reveals the layered
structure consisting of V-O octahedrons with the supporting of
Ag' between the layers. High-resolution transmission electron
microscopy (HRTEM) images of AgVO show several lattice
fringes belonging to AgVO (Fig. S17). Scanning electron micro-
scope (SEM) images reveal the nanobelt-like morphology of the
AgVO with a width of 200 nm (Fig. 1b). Moreover, the high-angle
annular dark-field scanning TEM (HAADF-STEM) elemental
mapping image demonstrates the even distribution of Ag, V,
and O elements and homogenous composition in AgVO
(Fig. S27). The chemical bonding states of each element were
evaluated by X-ray photoelectron spectroscopy (XPS) (Fig. S3
and S41). The Ag 3d XPS spectrum verifies the existence of Ag" in
the cathode (Fig. S4at). The 525.2 eVand 517.5 eV peaks in the V
2p spectra correspond to the V 2p;, and V 2pj, features,
respectively, demonstrating clear V** and V** peaks within both
regions (Fig. S4bt). The origin of V** is ascribed to a reduction
of V,05 during synthesis, and the introduction of Ag" provides
the charge-compensating ion. The above results indicate that
the Ag" was successfully doped in the V,0s layers.

2.2. Formation and characterization of the
Zn;(OH),V,0,-2H,0

The electrochemical performance of the AgVO/Zn batteries is
evaluated by employing a 3 mol L™" (M) Zn(ClO,), electrolyte. At
a current density of 0.1 A g ', the battery shows a high initial
capacity of approximately 400 mA h g™ over 100 cycles (Fig. 1c).
Moreover, a capacity drop and reactivation process can be
observed, which will be discussed in detail later. In order to
explore the energy storage mechanism, ex situ XRD, SEM, TEM,
and XPS were conducted. Initially, the first-cycle ex situ XRD
patterns exhibit stable peaks of AgVO without any shift, indi-
cating no lattice expansion occurred in AgVO when Zn>" inter-
calated in the cathode (Fig. S51). In addition, two new phases,
Zns(OH)gCl,-H,O and Zn,ClO,(OH),, experienced a dynamic
appearance and disappearance during discharge and charge
processes, respectively, which are regarded as byproducts of the
simultaneous insertion/extraction of Zn** and H' in the
cathode.®** In the corresponding ex situ SEM images (Fig. S67),
nanoflower-shaped Zns(OH)sCl,-H,0 and Zn,ClO4(OH), were
observed after discharging to 1.0 V, which grew into larger
nanoflakes and gradually coated on the cathode surface,
however, then started to reduce and finally diminished when
charging to 1.2 V, in agreement with the XRD results. Mean-
while, the ex situ XRD of the second cycle exhibits a similar
phase transition of zinc hydroxide byproducts, proving the
reversible Zn** and H' ion (de)intercalation (Fig. S71). The
simultaneous intercalation of Zn®*" and H" was confirmed by
cyclic voltammetry plots and in situ pH measurements (Fig. S8
and S97). It is worth noting that after the first cycle, a new peak
in the XRD pattern at 30° was observed in Fig. 1d and S5,
representing the formation of Zn;V,0,(OH),-2H,O (ZnVO).

This journal is © The Royal Society of Chemistry 2023
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Interestingly, the peaks around 30° were less intense compared
to the original AgVO cathode materials. This reduction in peak
intensity can be attributed to the decrease of the AgVO phase
during cathodic transformation, as well as the overlapping of
the peaks of both original AgVO and newly formed ZnVO at 12°,
which lowers the relative intensity of the peak at 30°. In addi-
tion, the small nanosheet can be observed on the cathode
surface in the SEM images (Fig. S67), uniformly distributed
throughout the first cycle. The energy-dispersive X-ray spec-
troscopy (EDX) results suggest that the main component of
nanosheets can be ascribed to the newly formed ZnVO
(Fig. S1071). The coverage of ZnVO on the cathode is reinforced
by the TEM and HRTEM images, in which a more transparent
layer can be observed on the AgVO nanobelt (Fig. le). The
HRTEM results reveal the main component of ZnVO in the
outside layer with a distribution of tiny amount of Ag nano-
particles. The existence of Ag nanoparticles is due to the
replacement of Ag” by intercalated Zn>", similar to the previous
reports related to Ag-doped V,05 materials.*”**** The HAADF-
STEM elemental mapping results with the signals from Zn, V,
and O in the outside layer confirm the ZnVO layer; while the
main Ag signal from the inner bulk material indicates the
original AgvVO nanobelt within the surrounding of ZnvO layer
(Fig. 1f). The HRTEM image of the cathode material after one
cycle also exhibits lattice fringes belonging to the Zns;(OH)g-
Cl,-H,0 and Zn,ClO,(OH), (Fig. S11%).

The phase transition is presented by XPS results as well. As
shown in Fig. 1g, the signals for V** and V" are found in the
pristine V 2p XPS spectra, similar to the XPS results of AgvO
powder, meaning the electrode preparation does not influence
the material properties. However, when the battery was dis-
charged to 0.4 V, the V** component emerged via its charac-
teristic peak, illustrating the reduction of vanadium to balance
the valence change induced by the insertion of Zn*" and H'. In
the fully charged state, the absence of the V** component proves
the reversible transformation of vanadium oxide. Interestingly,
after one cycle, the distribution of V>* in the V 2p XPS peak
increases, which means AgVO with V** and V> partially con-
verted into ZnvVO with only V", Fig. 1h shows the Zn 2p spectra
with no Zn signal in the pristine stage, whereas when dis-
charging to 0.4 V, two strong peaks belonging to Zn 2p;/, and Zn
2py1, are seen. Two features at 1024.6 eV (1047.8 eV) and
1022.7 eV (1045.7 eV) can be ascribed to the Zn>" inserted in the
AgVO layered structure and the Zn** from ZnVO, respectively.*®
A similar feature was also observed in the Zn 2p XPS spectra in
the hydrothermally-synthesized ZnVO (Fig. S12at). In addition,
the peaks at 1024.6 eV and 1047.8 eV also originated from the
tiny amount of Zns(OH)sCl, - H,O and Zn,ClO4(OH), byproducts
during cycling (Fig. S12b¥).”” However, the intensity of peaks
belonging to the inserted Zn>" decreases when fully charged,
where most of the Zn>* was contributed by ZnvVO with only a tiny
amount of Zn** remaining in the V-O layer, indicating the
irreversible transition of ZnVO and reversible Zn** intercala-
tion. Additionally, the CI 2p XPS spectra of pre- and post-cycled
cathodes reveal the reversible formation of Zns(OH)gCl,-H,O
and Zn,ClO,(OH), (Fig. S13%). There is no Cl 2p signal in the
initial cathode, though, when discharged to 0.4 V, two Cl 2p
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peaks at 208.3 eV and 198.6 eV emerged, corresponding to Cl
from ClO,” and CI7, respectively. These two peaks show
significantly lower intensity when fully charged, meaning a low
residue of these two compounds on the cathode. Moreover, the
state change of Ag is also attractive. As shown in Fig. 1i, only the
signal for Ag" can be found in the pristine cathode, and the
component of Ag° appears when discharging to 0.4 V, verifying
the extraction of Ag" as Ag metals. At the end of the first cycle,
the intensity of the two components has barely changed, sug-
gesting an irreversible substitution of Ag" during the discharge
process when Zn”* intercalated in the cathode. Accordingly,
Zn>* replaced Ag™ to serve as a pillar to support the V-O layered
structure when discharge occurs. In the charging process, the
intercalated Zn®" was extracted from the active sites and
subsequently formed V,Os layers. This replacement may be
a possible explanation for the formation of ZnvO.

2.3. Enhanced reaction kinetics by Zn;(OH),V,0; -2H,0

In order to further evaluate the properties of the ZnVO layer on
the cathode, ex situ electrochemical impedance spectroscopy
(EIS) was employed, and a 3 M ZnSO, electrolyte was utilized as
the comparison. To evaluate the impedance in both electrolytes,
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the Nyquist plots were fitted by two equivalent circuits (Fig. S14-
S167). As shown in Fig. 2a, the batteries using the 3 M ZnSO,
electrolyte show an obvious increase in R.. during the discharge
process, accompanied by a gradual decrease to the original
value during charging. This change in R is ascribed to the
reversible transformation of the Zn,SO,(OH)s-5H,0 and Zn,-
SO4(OH)s-3H,0 byproducts on the surface of the cathode, in
agreement with the ex situ XRD patterns showing that the peaks
of byproducts appeared and disappeared in the first cycle
(Fig. S17t). The nanoflake-like byproducts covering the surface
provide the barrier for the transport of charge carriers and
further decrease the active surface area to increase the internal
resistance (Fig. S1871). Furthermore, the ex situ SEM images of
the cathodes using 3 M ZnSO, show a surface morphology
change in the first cycle (Fig. S197). Compared with the batteries
using 3 M Zn(ClO,), electrolyte (Fig. S6T), the SEM images of the
cathodes cycled in the 3 M ZnSO, exhibit obvious AgVO nano-
belts without the coverage of ZnvVO nanosheets, indicating that
the lack of a protective shield harms the internal resistance. In
contrast, other than the increase in the value of R at the very
beginning, which can be explained by the formation of zinc
hydroxides, the value of R . remains very stable without obvious
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change in the batteries when using the 3 M Zn(ClO,), electrolyte
(Fig. 2b). This result is ascribed to the ZnVO nanosheets on the
surface, which act as a passive layer to not only prevent the
formation of Zn,ClO,(OH), but also provide pathways for the
Zn*>* diffusion. The enhanced ion diffusion at the interface
provided by ZnVO was also confirmed by the contact angle
measurement (Fig. 2¢ and d). On the pristine cathodes, both
electrolytes show similar initial contact angles between 110°
and 130°, whereas after 5 cycles, the cathode with ZnvO
exhibited a significantly lower contact angle of 58.7° compared
to the cathode cycled in 3 M ZnSO, with a slight change of the
contact angle (118.6°). This result confirms the improved
hydrophilicity endowed by the coating of ZnvO, providing easy
access for the transport of ions to aid the electrochemical
kinetics.

To fully verify the enhancement of Zn>* transport due to the
resulting ZnVO layer, electrochemical reaction Kkinetics are
explored via CV, EIS, and galvanostatic intermittent titration
technique (GITT) tests. First, the CV curves at different scan
rates from 0.2 to 1.0 mV s~ ' shown in Fig. S20at present two
obvious redox peaks. Fig. S20bf illustrates the theoretically
calculated b-values of 0.67 and 0.53 corresponding to the redox
peaks 1 and 2, respectively, meaning that these cells show
pseudocapacitive storage behavior. The capacitive contribution
increases from 16.7 to 32.7% at corresponding scan rates of 0.2
to 1.0 mV s~" (Fig. S20ct). The excellent rate performance at
different current densities from 0.2 to 1.0 A g~ ' substantiated
the fast reaction kinetics (Fig. S217). Nyquist plots at different
temperatures for the batteries using 3 M Zn(ClO,), and 3 M
ZnSO, after ten cycles are presented in Fig. 2e. The plots were fit
by two different equivalent circuits (Fig. S141), and the fitting
results of two electrolytes can be found in Fig. S22 and S23.1 R,
represents the solution impedance in both electrolytes, R,
corresponds to the electrode/electrolyte impedance of ZnVO/
3 M Zn(ClO,), and AgVO/3 M ZnSO,, and R; represents the
impedance of the additional interface between AgVO and ZnVO
in the 3 M Zn(ClO,), electrolyte. It is evident that the impedance
of AgVO/ZnvO/3 M Zn(ClO,), is dramatically smaller than that
of AgVO/3 M ZnSO, at each temperature. Arrhenius fitting plots
of the activation energies E, and E, can be found in Fig. 2f and
g, respectively (the detailed calculations can be found in the
ESIT). With the presence of the ZnVO layer, the activation energy
of AgVO using 3 M Zn(ClO,), (19.69 kJ mol ') is significantly
lower than that of the batteries in 3 M ZnSO, without ZnvO
protection (67.11 k] mol™'). Moreover, the relatively small
activation energy E, (17.66 k] mol™') between AgVO and ZnvO
demonstrates the adequate conductivity and compatibility of
the ZnVO layer. The activation energy E,, of the battery using
3 M Zn(ClO,), without cycling was analyzed as well (Fig. S24 and
S257). Without the ZnVO coating on the surface, the original E,
(23.93 kJ] mol™") is higher than that of the cycled batteries
(19.69 kJ mol %), indicating that the ZnVO is beneficial for the
reactions occurring at the electrode/electrolyte interface.

Additionally, the GITT results at the 5th cycle illustrate the
diffusion coefficient at the interfaces between the cathodes and
electrolytes (Fig. S261). The diffusion coefficient in 3 M
Zn(ClO,), and 3 M ZnSO, electrolytes display similar values and

This journal is © The Royal Society of Chemistry 2023
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trends, indicating that the ZnVO coating does not negatively
influence ion diffusion. During the charging process, the
cathode with ZnVO in 3 M Zn(ClO,), exhibited a higher diffu-
sion coefficient at most states, demonstrating enhanced ion
diffusion provided by the ZnVO. To deconvolute the protection
and properties of the ZnVO film, density functional theory (DFT)
calculations were carried out. The calculated density of states
(DOS) of AgVO and ZnVO are shown in Fig. S27a and b,}
respectively, indicating AgVO is an electronic conductor while
ZnVO is an electronic insulator. The electronic insulator and
ionic conductor properties of ZnvVO not only optimize the
interface but also reduce the activation energy, further
hindering the direct contact between active material and elec-
trolyte to suppress the cathodic dissolution ultimately.

As well as accelerating reaction kinetics, the nanosheet-like
ZnVO layer may prevent the cathode materials from dissolv-
ing. To prove the protective function of ZnVO, the cathodes
cycled for different numbers of cycles (i.e., 5, 10, 20, and 30
cycles) were soaked in two electrolytes for 30 days (Fig. 2h). The
color of the 3 M ZnSO, changed dramatically while the 3 M
Zn(ClO,), electrolytes remained transparent without color
change. The inductively coupled plasma mass spectrometry
(ICP-MS) results show that the concentrations of vanadium in
3 M ZnSO, are almost 200-400 times more than those in 3 M
Zn(ClO,), after different cycles, corresponding to the color
difference in both electrolytes (Tables S1 and S27). The above
results demonstrate that the ZnVO film formed in the 3 M
Zn(ClO,), electrolyte prevented the dissolution of AgVO
cathode. Subsequently, the cycling performance of the AgvO/Zn
batteries using the 3 M Zn(Cl0,), electrolyte at 2 A g~ ' with rests
for two, four, and six days after cycling 500 cycles were evalu-
ated. As shown in Fig. 2i, all three rested cells have a capacity
drop after a long-time rest, whereas all of them exhibited
a reactivation process and a similar specific capacity of
approximately 200 mA h g™ " after reactivation, very close to the
specific capacity of the battery without the resting process at
2 A g, The reactivation and maintenance of capacity indicate
almost no active material loss during the resting period, veri-
fying the effective protection provided by the ZnVvO films. In
contrast, without the protection of ZnVO layer, cathode mate-
rials continuously dissolved into the 3 M ZnSO, electrolyte, and
byproducts formed on the cathode. Consequently, the AgvO/Zn
battery cycled in 3 M ZnSO, electrolyte at 2 A g~ displays an
apparent capacity fading for 1000 cycles with a capacity reten-
tion of almost 0% (Fig. S28at). The corresponding XRD result of
cycled AgVO cathode proves that there is no formation of ZnvO
and the cathode maintains pristine AgVO very well, confirming
the formation of ZnVO protective layer did not occur on the
cathode cycled in 3 M ZnSO, electrolyte (Fig. S28b¥).

2.4. Capacity reactivation and reconstruction mechanism of
Zn;(OH),V,0,-2H,0

The cycling performance of the AgVO/Zn batteries in 3 M
Zn(Cl0,), under 0.1, 2, and 10 A g~ " were all similar regarding
the capacity change in that the batteries experienced a capacity
fading, a subsequent gradual reactivation, and final stable
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cycling (Fig. 1c, 2i, and 3a). The initial capacity fading can be
ascribed to the dissolution of the AgVO cathode in the electro-
lyte due to the limited protection of the ZnVO films. To prove
the dissolution of AgVO in the aqueous electrolyte, the cycling
performances of AgVO/Zn batteries using non-aqueous 1 M
Zn(ClO,),/PC and 3 M ZnSO, aqueous electrolytes were evalu-
ated (Fig. S291), which show no capacity loss in non-aqueous
electrolyte while obvious capacity fading in aqueous electro-
lyte, indicating the high stability of AgVO in the non-aqueous
system and the drastic dissolution in aqueous electrolyte.
Looking back to the batteries employing the 3 M Zn(ClO,),
electrolyte, the reactivation process appeared to deliver an
increased capacity after the reduction in capacity. Several
explanations and hypotheses, including moderate penetration
of the electrolyte, gradual utilization of active material, and slow
replacement of host cations between V-O layers, have been
proposed to illustrate the increase in capacity.’”**** However,
we confirm that a reactivation process can be ascribed to the
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moderate phase transition occurring on the cathode during
cycling.

To comprehensively unveil the mechanism behind the
capacity change, the cathodes at five different typical points
were selected and characterized, which corresponded to the
initial drop of capacity (A), the stop of capacity loss (B), the
increase in capacity (C), the maximum capacity after reac-
tivation (D), and the stable cycling after reactivation (E),
respectively. Galvanostatic charge-discharge (GCD) curves at
different states are shown in Fig. 3b, which displays the changes
in charge/discharge plateaus, indicating the switch of the
energy storage mechanism during cycling. Compared with state
A, the GCD curve of state D displays two more obvious plateaus
at around 0.6 and 1.0 V during charging, indicating two new
redox reactions occurred during charging to provide more
energy. Moreover, during discharging, the GCD curve of state D
shows two more obvious plateaus at 0.6 and 1.0 V, corre-
sponding to the charging process, which means the redox
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reactions are reversible. Specifically, differential capacity (dQ/
dV) curves derived from these GCD curves were developed to
reveal a more detailed mechanism in the capacity drop and
increase (Fig. 3c). The first redox peaks on both cathodic and
anodic sweeps (0.4-0.8 V) are attributed to the reversible V**/v**
redox couples. Moreover, the redox peak at 1.0 V during the
anodic sweep was observed in each cycle and experienced
a gradual intensity increase with the formation of a new wide
peak on the cathodic sweep at around 0.95 V. This redox pair
(1.0 v/0.95 V) is induced by the V**/V** transition in ZnVO,
which corresponds to the plateau at around 1.0 V in the GCD
curves, indicating that the ZnvO moderately replaced AgVO as
the active cathode material.*”***® A new redox peak pair (1.05 V/
0.75 V) emerged during cycling, representing the insertion and
extraction of cations in the newly transformed ZnVO. Other
than the variety of peak intensities, the redox peak pairs during
discharge between 0.6 to 0.8 V moderately shifted toward lower
voltages, and the peak at around 0.45 V gradually diminished,
demonstrating an energy storage host phase change in the bulk
cathode material, which was verified by the XRD patterns at
different cycles (Fig. 3d). Initially, from state A to E, the char-
acteristic peaks at around 12.5° have a slight shift toward lower
260 degrees, which corresponds to the XRD pattern gradually
changing from AgVO to ZnVO, illustrating the phase change
from AgVO to ZnVO. Since the characteristic peaks at 12.5° of
AgVO and ZnVO overlap, in order to clearly distinguish the
emergence and the change of ZnVO, the characteristic peak at
30° was focused. The diffraction peak at 30° of ZnvVO emerged
from state A with a tiny signal, which moderately increased the
intensity until AgVO fully transformed into ZnVO from state D.
The intensity change of the peak demonstrates the accumula-
tion of ZnVO on the cathode, representing a continuous phase
transition from AgVO to ZnVO. Ex situ XRD patterns at state D
illustrate the stability of ZnvO without any peak shift and phase
change during cycling (Fig. S301). Meanwhile, the V 2p;,, XPS
results display the trade-off of the vanadium valence in that
there was a decrease of V** with an increase of V°*, meaning the
V®* in the ZnVO phase gradually became dominant (Fig. 3e).
The remaining V** after state E may be attributed to a very tiny
amount of AgVO residue. Furthermore, the characteristic peak
of Ag metal at 38.1° can be observed after the state D and
became intense at the state E in the XRD patterns, demon-
strating the irreversible replacement of Ag" by Zn>* during
cycling. More evidentially, the XPS spectra of Ag 3d informed
the decrease of Ag" and the increase of Ag® component as the
cycling progressed, corresponding to the appearance of the Ag
metal phase in the XRD results (Fig. 3f). Interestingly, it was
reported that the replacement of Ag* by Zn>" led to the activa-
tion of capacity, where more Zn>" active sites provided higher
capacity.*”** However, in the battery using the non-aqueous
electrolyte, the pristine AgVO phase partially transformed into
Zn,(V;0s),, agreeing with the replacement of Ag* by Zn>", while
no activation process was observed during cycling (Fig. S317).
Thus, the reactivation cannot be simply explained by the
increased Zn®" intercalation sites originating from the
substituted Ag" positions.

This journal is © The Royal Society of Chemistry 2023
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SEM images at different cycles exhibited the coverage of
dense ZnVO nanosheets on the cathode surface, preventing the
cathode from dissolving (Fig. S32f). More intuitively, cross-
sectional SEM images at different cycles emphasize the
gradual transition from AgVO to ZnVO (Fig. 3g). The pristine
cathode without cycling only has one dense AgVO layer on the
current collector. The cross-sectional image at state C exhibits
two layers, a ZnVO nanosheets protective layer on top of the
untransformed AgVO. Cross-sectional imaging after state E
depicts a dominant layer of ZnVO nanosheets on the current
collector. The distinct morphological difference during phase
transition on the cathode surface may influence the capacity
change. Compared with the dense original AgVO cathode, ZnvO
layer has a more open topography, larger surface area, and
higher thickness. The electrochemically active surface areas
(ECSAs) determined by the double layer capacitance (Cg4j) results
confirm a larger surface area of the active cathode material after
state E (231.9 cm?) than that of the pristine one (181.2 cm?),
indicating more contact between cathode and electrolyte to
facilitate the ion transition to increase the capacity (Fig. S337).
In addition, the higher surface area of ZnvVO can improve the
contact between ZnVO and conductive materials (SuperP and in
situ precipitated Ag nanoparticles) to increase the conductivity
and reduce resistance, which may lead to capacity activation.

Regarding the formation mechanism of ZnvO in the
vanadate-based cathode materials, it is reported that within
a specific pH range of 3.8-7.8, V,05 can spontaneously trans-
form into ZnVO by reacting with Zn**-containing electrolytes.*’
Even though the original pH of 3 M Zn(ClO,), (2.85) is out of
that range, the pH increase caused by the H' insertion probably
created a proper pH environment that allows the transition
from AgVO to ZnVO to occur with Zn** replacing Ag”. In order to
reveal the formation mechanism of ZnVO, at first, Na, 33V,0s5
(NavO), which has the same layered structure as Ag, 33V,0s, was
electrochemically tested and characterized (Fig. S34t). Even
though AgVO and NaVvO show the same structure, the NavO/Zn
battery in 3 M Zn(ClO,), cycled at 0.1 A g " exhibited poor
cycling stability without reactivation (Fig. S351). The XRD
pattern of the post-cycled cathode after 150 cycles shows no
evidence of ZnVO, and the NaVO structure was maintained
without any phase change (Fig. S361). The lack of structural
changes observed in NavO during cycling can be attributed to
the comparatively more difficult replacement between Zn>** and
Na® in comparison to that between Zn*>* and Ag*. As shown in
Fig. S37,7 Ag" and Na* were replaced by Zn**, which need to
overcome the energy barriers of 0.81 and 2.27 eV, respectively,
indicating that replacing Na“ with Zn>" is hard to occur in
NaVvO. This result indicates that the reconstruction of NavO is
considerably more challenging than AgVO, thus explaining the
observed stability of the NaVO structure after cycling. Moreover,
the XRD result in Fig. S381 suggests that the phase transition is
not a spontaneous reaction between electrolyte and AgVO. Even
after long-time soaking, the XRD pattern still exhibits the main
phase of AgVO without the existence of ZnvO (Fig. S38%). In
contrast, in the previous reports, V,0s transferred into ZnvO
rapidly after submersion in the electrolyte.*”*** The cycling of
the AgVO/Zn battery with the soaked cathode shows a similar
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reduction and reactivation process in the capacity as the pris-
tine cathode without soaking, indicating a similar phase tran-
sition only occurred under electrochemical conditions
(Fig. S397). Therefore, the phase transition in the AgVO is
related to the substitution of Ag" by Zn>* during cycling.

In conclusion, the relationship between capacity change and
phase reconstruction is summarized and shown in Fig. S40a.}
Initially, without any protection, the pristine cathode dissolved
in the aqueous electrolyte, continuously causing capacity decay.
After several cycles, although AgVO still suffered from dissolu-
tion, a ZnVO protective layer formed on the cathode surface to
mitigate the dissolution. Accordingly, the ZnVO layer grew
thicker and more robust, allowing more efficient protection of
the cathode and eliminating capacity fading. In the subsequent
cycles, as well as protection, the well-reconstructed ZnvO
replaced AgvO and accumulated to become the main active
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material, causing an increase in the capacity. On the other
hand, the enhanced capacity after reactivation can also be
explained by the enlarged surface of ZnvVO, which provided
abundant Zn>" storage sites, strong connection with the current
collector, open transport tunnels, and enlarged contacting
surface with conductive materials and electrolyte, facilitating
ion diffusion and electron transmission. In contrast, the orig-
inal AgVO layered structure offered fewer Zn>" intercalation
sites due to the interaction between oxide layers and Ag" ions,
blocking the transport of Zn>" in the cathode. An AgVO/Zn
pouch cell with 10 cm? scaled electrodes was assembled to
take advantage of the in situ protection and transition of ZnvO,
and it had an initial specific capacity of 400 mA h g~ with
a stable average capacity of 250 mA h g™ at 0.1 A g~ ' after
reactivation for 100 cycles, proving the practicality of the in situ
reconstruction of the cathode for pouch cells (Fig. S40b¥).
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Fig.4 (a) CV curves of AgVO/Zn batteries after 50 cycles at different scan rates (0.2-1.0 mV s73), (b) the calculated b-values of four redox peaks,

and (c) corresponding capacitive contribution at different scan rates. (d)

CV curves ZnVO/Zn batteries at different scan rates (0.2—1.0 mV s ™), (e)

the calculated b-values of four redox peaks, and (f) corresponding capacitive contribution at different scan rates. (g) Rate performance of AgvVO/
Zn battery at different current densities after reactivation. (h) Possible diffusion pathways of Zn?* in ZnVO, and (i) corresponding diffusion energy

barriers of Zn?* and H*. (j) Diffusion coefficients of Zn>* calculated from
cycles.
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GITT measurement after different cycles. (k) Nyquist plots after different
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2.5. Reaction kinetics after cathodic reconstruction

To explore the reactivation process more comprehensively, the
reaction kinetics of state E were studied. CV plots with different
scan rates from 0.2 to 1.0 mV s ' exhibit two newly-emerged
redox peaks, representing the electrochemical performance of
ZnVO (Fig. 4a). The theoretically calculated b-values for peaks 1
to 4 are 0.59, 0.50, 0.81, and 0.95, respectively (Fig. 4b). The b-
values belonging to peaks 1 and 2 are higher than that of the
original peaks 1 and 2 of the AgVO cathode. Additionally, the
peaks pair at 1.0 V/0.95 V exhibit a b-value approaching 1,
implying that the reconstructed ZnVO-based cathode can
provide more capacity induced by pseudocapacitance than the
original AgVO cathode. Moreover, compared with the capacitive
contribution before reactivation, the post-reactive capacitance
shows a higher contribution at different scan rates, illustrating
an enhanced pseudocapacitive ability after reactivation induced
by ZnVO (Fig. 4c). Fig. S411 exhibits the increasing capacitive
contribution from 5 to 30 mV s~ . The capacitive contribution at
30 mV s~ ' is 89.3% in the reconstructed ZnVO, meaning the
predominant contribution is from capacitance at high current
densities. To understand the intrinsic reaction kinetics of
ZnvVO, the pseudocapacitive behavior of hydrothermally-
synthesized ZnVO was measured and calculated via CV tests.
There are four redox peaks in ZnVO (Fig. 4d), corresponding to
the CV result in the reconstructed AgVO, which proves the
transition from AgVO to ZnVO (Fig. 4a). The b values of each
peak from 1 to 4 are 0.9999, 0.9960, 0.9997, and 0.9993,
respectively, which are all close to 1.0, meaning capacitive
behavior is dominating in ZnVO (Fig. 4e). The high capacitive
contributions and the b values which are almost 1.0 can be
ascribed to the uncommon intercalation pseudocapacitive
behavior in ZnvVO (Fig. 4f).***® Unlike the redox reactions
happening on the electrode surface, the intercalation pseudo-
capacitance happens when the charge carriers (Zn>* or HY)
intercalate into the layered structure of the cathode material
with a faradaic charge-transfer. The intercalation of Zn>" is
verified by the ex situ XRD and TEM results. As shown in
Fig. S42a,T the peak located at 12.29° in the XRD patterns,
corresponding to the (001) facet of ZnvO, shifted toward lower
degrees during discharging and then shifted back to 12.29°
upon charging to 1.4 V, which can be ascribed to the expansion
of lattice spacing induced by Zn>" insertion/extraction. Simi-
larly, the TEM image of ZnVO upon discharging to 0.4 V exhibits
an expanded lattice spacing of 7.44 A for the ZnvO (001) plane,
which is higher than that of the pristine (001) plane (7.19 A)
(Fig. S42b¥). The above results confirm the intercalation of Zn**
in the ZnvO layered structure instead of the surface Zn**
adsorption. Since there is no limitation of solid-state diffusion
in the cathode, which shows intercalation pseudocapacitance,
the diffusion ability of cations in the cathode material deter-
mines the reaction kinetics. Under the assistance of promoted
reaction kinetics, the AgVO/Zn battery after full reconstruction
delivered an excellent rate performance with a capacity of
100 mA h g ' at 10 A g ! and no capacity loss at 0.1 A g™ " after
cycling at high current densities (Fig. 4g). In contrast, the
battery without reactivation provided a limited capacity at

This journal is © The Royal Society of Chemistry 2023
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a high current density (around 10 mA h g ' at 10 A g},
Fig. S43t), demonstrating enhanced rate performance and fast
kinetics provided by the in situ formed ZnVO.

The faster ion diffusion results in a higher rate performance
and faster kinetics. Initially, DFT calculations provide theoret-
ical evidence to support the above results. Fig. 4h and S44at
present the possible pathways for the diffusion of Zn** in both
AgVO and ZnVO. In AgVO, three Ag" ions between the V-0 layers
were deleted to more clearly show the diffusion pathway of Zn**
(more details can be found in Fig. S45 and S46%). Due to the
aforementioned replacement of Ag* by Zn>*, the diffusion path
of Zn>" is from one Ag" site (position 1) to another Ag™ site
(position 3), where Ag" is regarded as the significant barrier for
the migration path of Zn>" (Fig. S44at). Accordingly, the diffu-
sion energy barriers of Zn*" and H" from position 1 to position 2
are 2.28 and 1.54 eV, respectively (Fig. S44bt). In contrast,
according to the previous XRD and TEM results (Fig. $421), Zn**
and H' intercalate and migrate in the open layer along (001)
facet in ZnvO without hindrance (Fig. 4h). To calculate the
diffusion energy barrier of the possible diffusion pathway,
positions 1 and 3 were selected as the starting and ending sites
of diffusion because they are two equivalent sites with the
lowest energy in the system. Zn>* ions are most likely to appear
at these sites with the lowest energy. Even though the interlayer
spacing of ZnVvO (7.2 A) is smaller than that of AgVO (7.4 A), the
energy barriers of Zn>* and H' diffusing from position 1 to
position 2, which is the transition state with the lowest energy
barrier, is only 0.56 and 0.30 eV, respectively (Fig. 4i). The
significantly lower energy barriers of both Zn®*" and H" are
attributed to the open-layered structure of ZnVO, the short
diffusion pathway, and the lubrication of water molecules
between the layers.®*** Consequently, Zn** and H" diffuse easier
and faster in the ZnVO with a lower migration energy barrier,
resulting in fast reaction kinetics and enhanced diffusion
coefficient. In contrast, without transformation into ZnVO,
NaVvO/Zn and V,0s/Zn batteries display poor cycling perfor-
mance at a high current density of 10 A g~ with unsatisfying
reaction kinetics (Fig. S477).

Moreover, to experimentally confirm that the enhanced
reaction kinetic is due to the improved ion diffusion during
phase transition, the diffusion coefficients at different cycles
were calculated from GITT results to evaluate the diffusion
ability (Fig. S481 and 4j). The diffusion coefficient at state A
shows a similar value to previously reported vanadium oxide
species.'®**% However, following the formation of ZnvO, the
diffusion coefficient at state B is significantly higher than that of
the state A. After state C, the diffusion coefficients have higher
values and become constant after state D, corresponding to the
gradual phase transition. The diffusion coefficient at the state E
is an order of magnitude higher than that of state A, which
indicates that the accumulation of ZnVO remarkably facilitates
the diffusion of Zn" to provide fast kinetic and high capacity. In
addition, from Fig. 4k, EIS plots at different cycles suggested
a gradual decrease of impedance during cycling, resulting in
a small impedance of 70 Q after the entire reconstruction,
significantly lower than the initial value at the initial state (200
Q). The impedance reduction suggests increased ionic
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electrolyte.

conductivity in the reconstructed ZnvO and supports the
reduced charge transfer resistance demonstrated by the GITT
results. The slopes at low frequency after the state B became
higher than that of state A, suggesting that the gradual forma-
tion of ZnVO facilitates zinc ion transport. The steady structure,
large ion diffusion tunnel, and fast diffusion coefficient provide
ZnVO with a high capacity and stability.

2.6. Ag nanoparticles boosted reaction kinetics

It has already been proved that the boosted rate performance
is due to the fast ionic diffusion and intercalation pseudoca-
pacitive behavior in the in situ reconstructed ZnvO cathode
materials. However, as mentioned above (Fig. S27b¥), ZnVvO is
an electronic insulator with an inferior ability to transfer
electrons. In contrast, as one of the most conductive mate-
rials, the in situ formed Ag nanoparticles may facilitate the
electron exchange between ZnVO and conductive materials to
increase the capacity further.®”-* To understand the effect of
Ag nanoparticles on the performance of batteries, the
hydrothermally-synthesized ZnvO were mixed with Ag nano-
particles (<100 nm) with a mole ratio of ZnvO:Ag = 1:0.33
working as the cathode material. Initially, the CV measure-
ment at different scan rates was conducted to understand the
influence of Ag nanoparticles on the reaction Kkinetics
(Fig. 5a). As shown in Fig. 5b, all the b values of four peaks are
almost 1, indicating the intercalation pseudocapacitance in
ZnVO. However, the capacitive contribution has an obvious
increase to 98.5% by adding Ag nanoparticles, representing
that even a tiny amount of Ag can accelerate the reaction
kinetics in the cathode materials (Fig. 5c¢). The increased
kinetics in the cathodes may be due to the facilitated electron
transfer via adding the Ag nanoparticles. To prove the effect of
Ag nanoparticles on the improvement of electronic conduc-
tivity, EIS measurement of ZnVO/Zn and ZnVO + Ag/Zn
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batteries was conducted. As shown in Fig. 5d, the presence
of semicircles at high- and medium-frequency regions in both
batteries can be ascribed to the charge-transfer impedance on
the electrode/electrolyte interface. It is obvious that ZnvO +
Ag/Zn battery exhibits a smaller diameter of the semicircle
with an impedance of 99.2 Q than ZnVO/Zn battery (158.3 Q),
demonstrating a lower charge-transfer impedance of the
ZnVO + Ag cathode. This reduced charge-transfer resistance
confirms the electronic conductivity of the cathode was
enhanced by introducing Ag nanoparticles in the cathode.
Additionally, more electrons can be stored in the ZnVO
cathodes beneficial from the improved electronic conduc-
tivity. Fig. 5e shows the cycling performance of ZnvVO + Ag/Zn
battery at 10 A g~ " exhibits higher capacity than that of ZnvO/
Zn battery, meaning the addition of Ag nanoparticles can
efficiently enhance the capacity by increasing the transition of
electrons. The rate performance of ZnVO + Ag/Zn battery
displays higher capacities at different current densities,
reinforcing the existence of Ag nanoparticles can increase the
capacity (Fig. 5f). The better rate performance in ZnvO + Ag/
Zn battery can be attributed to the pseudocapacitance with
higher capacitive contribution than ZnvO/Zn battery, indi-
cating the presence of Ag nanoparticles facilitated the reac-
tion kinetics by accelerating the electron transfer. The above
results and observations support the idea that the simulta-
neous influence of enhanced electronic conductivity from Ag
and boosted ionic conductivity from ZnVO promote more
efficient charge transfer to further enhance the battery's
overall performance.

3. Conclusions

In summary, we have studied and characterized the

Ag,.33V,05 cathode material during cycling to illustrate the

This journal is © The Royal Society of Chemistry 2023
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reaction mechanism behind the capacity reactivation. A
reconstructed Znz(OH),V,05-2H,0 new phase initially forms
in situ on the surface of the Ag, ;3V,05 cathode material as
a protective layer and grows thicker to fully convert into the
active cathode materials, leading to a reactivation process
and subsequent high cycling capacity and stability. The in
situ formed Znz(OH),V,0,-2H,0 layer alleviated the disso-
lution of the vanadium oxide-based cathode in the aqueous
electrolyte by inhibiting the direct contact between the
cathode and electrolyte due to its electronic insulating
property. In addition, the protective Znz(OH),V,0,-2H,0
nanosheets lowered the activation energy on the electrode
surface to aid electrochemical reactions and Zn>* insertion.
Furthermore, due to the intrinsic intercalation pseudocapa-
citive behavior of the in situ formed Zn;(OH),V,0,-2H,0, the
further reconstruction of the cathode provided enhanced
ionic diffusion, low impedance, and fast reaction kinetics,
facilitating the capacity and stability of the batteries. DFT
calculations showed that the open layered structure of
Zn;(OH),V,0,-2H,0 facilitates Zn>* diffusion. Another in
situ formed product, Ag nanoparticles, significantly
enhanced the electronic conductivity of the cathode,
promoting the electrochemical performance of recon-
structed cathode. The reactivation of capacity induced by
structural changes could potentially offer a broad explana-
tion for the capacity variations observed in vanadate-based
aqueous zinc-ion batteries.
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