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In-situ electrochemical modification of pre-intercalated vanadium bronze
cathodes for aqueous zinc-ion batteries

Jianwei Li"*, Ningyun Hong®', Ningjing Luo', Haobo Dong", Liqun Kang’, Zhengjun Peng?,

Guofeng Jia?, Guoliang Chai'", Min Wang®" and Guanjie He

ABSTRACT  Vanadium bronzes have been well-demon-
strated as promising cathode materials for aqueous zinc-ion
batteries. However, conventional single-ion pre-intercalated
V.05 nearly reached its energy/power ceiling due to the nature
of micro/electronic structures and unfavourable phase tran-
sition during Zn** storage processes. Here, a simple and uni-
versal in-situ anodic oxidation method of quasi-layered
CaV,40y in a tailored electrolyte was developed to introduce
dual ions (Ca** and Zn**) into bilayer §-V,05 frameworks
forming crystallographic ultra-thin vanadium bronzes,
Cag.12Zny 1, V,05-nH,0. The materials deliver transcendental
maximum energy and power densities of 366 W h kg™
(478 mAhg' @02Ag") and 6627 Wkg' (245mAhg™ @
10 A g"), respectively, and the long cycling stability with a
high specific capacity up to 205 mA h g™ after 3000 cycles at
10 A g'. The synergistic contributions of dual ions and Ca*
electrolyte additives on battery performances were system-
atically investigated by multiple in-/ex-situ characterisations
to reveal reversible structural/chemical evolutions and en-
hanced electrochemical kinetics, highlighting the significance
of electrolyte-governed conversion reaction process. Through
the computational approach, reinforced “pillar” effects,
charge screening effects and regulated electronic structures
derived from pre-intercalated dual ions were elucidated for
contributing to boosted charge storage properties.

Keywords: in-situ electrochemical conversion, dual-ion pre-
intercalated V,Os, electrolyte-controlled conversion, zinc ion
batteries

INTRODUCTION

The burgeoning energy market is hastening the development of
electrochemical energy in terms of safety, eco-friendliness and
economic sustainability [1]. Although Li-ion batteries prevail in
last decades with the significant revolution, flammable and toxic
organic electrolytes, the dendrite formation and the degradation

3,4,5%

of electrode/electrolyte with the oxygen release trigger serious
safety issues for their grid-scale application [2]. Meanwhile,
limited lithium resource inhibits the realisation of cost-effective
application, and intrinsically low ionic conductivity of non-
aqueous electrolyte (ca. 1-10 mS cm™ vs. >1 S cm™ in aqueous
system) restricts their specific use for high-power demands [3].
By comparison, aqueous zinc-ion batteries (AZIBs) adopt neu-
tral/mildly acidic (pH: 3.6-6) electrolytes and metallic zinc
anode, which can effectively tackle the safety and economic
drawbacks as mentioned above owing to numerous merits such
as high abundance, facile fabrication, environmental benignity
and electrochemical stability (—0.76 V vs. standard hydrogen
electrode) of the zinc in aqueous electrolytes [4-7]. In addition,
high theoretical capacities (820 mA h g7'/5851 mA h cm™) of
the zinc anode endow overwhelming electrochemical storage
capability compared with other developed alkali metal-ion (Na*
and K') or multivalent-ion batteries such as Mg**
(3833mA h cm™3) and Ca** (2073 mA hcm™) [8,9]. However,
AZIBs are still suffering from underdeveloped cathode materials
because of sluggish kinetics related with the strong electrostatic
interaction between divalent species (i.e., Zn** and hydrated
Zn**) and the host framework [10]. Generally, vanadium-based
cathode materials (vanadium bronzes in particular) possess
better capacity and rate capability compared with manganese-
and Prussian blue-based cathodes in AZIBs [11-13], and hence,
are more adequate for high power use [14]. However, structural
collapse/dissolution, irreversible phase transformation and poor
electronic conductivity of cathode materials are concretely
responsible for unsatisfactory cycling stability and relatively low
specific capacity (<430 mA h g™!) of M, V,0s-nH,0 cathodes (M:
Ca?*, Zn?**, Ni** and Cu?" etc.) [15-18], which result in much
less charge storage capability than the theoretical capacity of
585 mA h g™! for V,0s. Compared with wet chemistry synthetic
methods, in-situ anodic oxidation of active materials is more
controllable to deliver stable phases for batteries. Therefore,
numerous studies have successfully proved that typical types of
vanadium (V** or V**) oxides can be oxidised to higher-valence
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vanadium compounds by reacting with H,O under the 1* charge
treatment in pure zinc triflate electrolyte [19-23]. However,
inadequate structural features of initial materials such as large
particle size and tremendous crystallographic contrast to con-
verted phases could result in insufficient transformation of
cathodes and the formation of unfavourable defects, which can
deteriorate electrochemical behaviours such as energy efficiency
and cycling stability [20,21]. Additionally, only considering the
initial mass of electrode materials but not converted materials
(e.g., the conversion of V,0; or VO, to V,05) can cause inac-
curate capacity evaluations for ultimate battery performance,
leading to overestimated specific capacity far above the theore-
tical value [20,21]. Therefore, it is expected that there are less
energy used for side reactions during the electrochemical con-
version process and reasonable assessments can be conducted
for converted materials in AZIBs.

Inspired by the previous investigation on vanadium-based
cathodes, we developed crystallographic quasi-layer ultra-thin
(~2 nm in thickness) CaV4Oo nanoflakes as the initial structure
of cathode materials for AZIBs. Through the in-situ electro-
chemical conversion process, innate VOs (V**) square pyramids
coordinated Ca?* within V4O, slabs were oxidised to VOq
(V*5%) along with the adsorption of Zn*" for the charge balance.
As the result, Cag10Zng14V>05-nH,0 materials were effectively
generated upon the first charge treatment (anodic oxidisation) in
a tailored electrolyte (Zn(CF;SOs), aqueous solution with
Ca(CF3S03), as the additive) without the observation of other
side reactions or impurities, which was systematically verified by
ex-situ X-ray diffraction (XRD), ex-situ X-ray photoelectron
spectroscopy (XPS), ex-situ Raman and ex-situ scanning trans-
mission electron microscopy-energy dispersive X-ray spectro-
scopy (STEM-EDS) to confirm their vanadium bronze structure
and chemical states. Moreover, the density functional theory
(DFT) calculation and several characterisations verified that the
dual ions (Ca** and Zn**) can jointly improve the structural
stability by enhanced binding force within the bilayers of V,05
(“pillar” effect), and offer abundant coordination of the struc-
tural water to acquire the reinforced screening effect endowing
superior charge diffusion kinetics [23]. Meanwhile, the opti-
mised electronic structure in the as-prepared cathodes reveals
that higher electronic conductivity was achieved compared with
single ion (Ca®* or Zn?*') pre-intercalated V,0s framework.
Accordingly, the as-prepared materials exhibit a highly rever-
sible specific capacity of 478 mAhg™ @ 0.2 Ag™" and out-
standing rate capability of 51.3% capacity retention even after
increasing current densities from 0.2 to 10 A g™', which is better
than Ca?" and Zn?*' deficient materials (Cag,Zng.0;V.05#H,0
generated in Zn(CF;SOs), electrolyte) and other reported
vanadium-based cathodes for AZIBs (Table S1). Therefore, the
addition of Ca(CF;SOs); in the electrolyte played a crucial role
for maintaining high performance not only from adjusting the
phase conversion reaction, but from suppressing the cathode
dissolution (Le Chatelier’s principle) and enhancing the ionic
conductivity of the electrolyte. Interestingly, changing triflate
salts in aqueous electrolytes is valid for the preparation of other
dual-ion (Mg** and Ca®") pre-intercalated vanadium bronzes
from pristine CaV4Oy cathodes, suggesting a wide applicability
of the approach. Therefore, a new strategy for the materials
design is proposed in this work to boost the structural advan-
tages and charge carrier kinetics for vanadium bronze cathode
materials, and ultimately pave an avenue for developing superior

aqueous batteries.

RESULTS AND DISCUSSION
Calcium vanadate crystallizes in the tetragonal structure (P4/n),
which encompasses quasi-two-dimensional (2D) crystal struc-

ture consisting of close-packed [V,0] i"i slabs and Ca?* cations.

The vertex-sharing VOs (V*) square pyramids in V-O chains
coordinate with the interlayer Ca** generating analogical crys-
tallographic characters compared with §-phase vanadium
bronzes which possess VOs (3/4 V°* and 1/4 V*) distorted
octahedra in V,0s bilayer motif [24]. Thus, our hypothetical
phase transformation from crystallographic perspective is illu-
strated in Fig. S1 (Supplementary information). Additionally, the
pre-intercalated Ca®* in V4Oy layers can be also substituted by
other metal/non-metal ions to form quasi-2D compounds with
distinctive physicochemical properties which could promisingly
broaden the selectivity of cathodes in AZIBs [25,26]. Hence, in
view of the special crystallographic features of CaV,O,, we
considered employing it as the initial structure for the further
modification. The synthesis of CaV4O, was achieved by a facile
single-step hydrothermal reaction. The XRD pattern of the as-
prepared CaV,O, is shown in Fig. la, it can be seen that all
diffraction peaks can be indexed to tetragonal CaV,0¢ (ICSD:70-
1325) in a space group of P4/n without any impurity phases, and
the (001) peak locates at the Bragg angle of 17.7° indicating an
interlayer space of 0.5nm along the c-axis. The atomic force
microscopy (AFM) measurement clearly offers the thickness of
the as-obtained materials, which presents a homogeneous
thickness of ~2 nm as shown in Fig. 1b, c. Similarly, the typical
morphology detected by scanning electron microscope (SEM)
further confirms their nano-flake structures with a diameter of
~500 nm. It is believed that such morphological features con-
taining few atomic layers can effectively shorten the ion diffu-
sion pathway and deliver a rapid electron transfer. The HRTEM
image in Fig. le provides the lattice fringe feature with the d-
space of 1.86 A, in accordance with a diffraction peak of (140)
plane from the XRD result. Additionally, from STEM-high-angle
annular dark field (HAADF)-EDS mapping analysis, there is a
uniform distribution of elemental Ca and V in the materials with
a ratio of 1:3.9.

Electrochemical evaluations

To evaluate the electrochemical conversion processes and the
battery performance, both coin cells and Swagelok cells were
assembled using metallic zinc foils and glass fibres as anodes and
separators, respectively. Additionally, it should be noted that
three electrolytes, i.e., 3 mol L™! Zn(CF;SOs),, the mixture of
3 mol L™! Zn(CF;S03), with 0.5 mol L™ Ca(CF5SO3), electrolyte
additives, and 3 mol L™' ZnSO,, were adopted to investigate
different electrochemical/structural evaluation of cathode
materials after the initial conversion reaction and battery cycling
processes. The first five cyclic voltammetry (CV) curves of the
materials in two different electrolytes (pure Zn(CF;SO3), and the
one with Ca** electrolyte additives) were illustrated in Fig. S2 at
a scan rate of 0.2mV s™' within the operating window of
0.3-1.7 V. Interestingly, the highest anodic oxidation peaks
during the first cycle normally referring to the depletion of
calcium and the oxidation of vanadyl groups are not at the same
potential for these electrodes. A clear shift of the peak from 1.61
to 1.68 V (vs. Zn/Zn*") is observed in the mixture electrolyte,
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Figure 1 Characterisations of CaV,O,: (a) XRD pattern of the as-obtained calcium vanadate and its corresponding standard pattern CaV,O, (ICSD: 70-
1325). Inset in (a): the illustration of its crystal structure; (b, c) AFM image of the as-prepared CaV,O nanoflakes and the thickness of nanoflakes; (d) SEM
image of CaV,;Oo materials with the homogeneous nanoflake structure. Inset in (d): cross-section of the nanoflakes from the top view; (e, f) HRTEM, STEM

and HAADF-EDS mapping images of CaV4O,.

which indicates an increased chemical reaction potential
required for this process. A hypothesis can be made that
introducing Ca®* species into the electrolyte can suppress the
depletion and oxidation processes. However, CV curves in both
electrolytes reach a plateaued state during the following few
cycles, which depicts a rapid conversion process for CaV,Oq
cathodes. Meanwhile, it is expected that the variation of anodic
oxidation process in the first cycle could improve the electro-
chemical behaviours of the converted active materials in the
following cycles. Identically, Fig. 2a clearly exhibits two redox
pairs at a scan rate of 1mV s™ in both pure Zn(CF;SO;),
aqueous electrolytes and the one with Ca?* additives. However,
the variation of the integral area and the peak current position
imply distinct differences. More specifically, the battery with
Ca(CF;S0;), as the electrolyte additive possesses smaller
potential differences between the two pairs of anodic and
cathodic peaks, respectively, along with relatively large specific
currents at each potential compared with those in pure
Zn(CF;S03); electrolyte, which indicates less polarisation (e.g.,
better diffusion kinetics) and higher capacity upon fast scan
rates.

The further galvanostatic (dis)charge (GCD) profiles of bat-
teries with Ca** electrolyte additives showing the zinc
(de)intercalation into converted cathode materials are displayed
in Fig. S3a and Fig. 2b, of which the first 10 cycles of GCD
profiles at the current density of 0.2 A g™' show a fast conversion
reaction within almost one anodic oxidation process; the fol-
lowing cycles of GCD profiles almost overlap with each other
showing >99% Coulombic efficiency. Additionally, even though
the applied current densities increased from 0.2 to 10 A g™},
GCD profiles of converted cathode materials with Ca®* elec-
trolyte additives remain similar shapes and a small polarisation,
which consists with the observation from the CV results.
Moreover, the cyclic stability of the converted cathode at the

current density of 0.2 A g7! is carried out in both electrolytes

with and without Ca®* additives, as shown in Fig. S3b. The
cycling performances of both electrodes possess the similar
outcome for the initial ~30 cycles with a short activation process
at the first few cycles. However, after 160 cycles of GCD mea-
surement, the battery with the pure Zn(CF;SOs), electrolyte
presents more serious capacity decay (40% against the specific
capacity of 449.2 mA h g™! for the 1** discharge cycle) compared
with the one with Ca?* electrolyte additives (25% against specific
capacity of 449.3 mA h g™! for the 1* discharge cycle). It could
be attributed to different structural evaluations upon zinc
insertion/extraction processes. Furthermore, the rate capability
of different groups were also evaluated by increasing the applied
current density from 0.2 to 10 A g™* stepwise. It can be seen that
both batteries in different electrolytes present outstanding spe-
cific discharge capacity at 0.2 A g™' with the maximum values of
478 and 476 mA hg™! for the ones with and without Ca?
electrolyte additives, respectively. Impressively, even though the
current rate increased by fifty-fold times compared with initial
cycles, the battery with the mixture electrolyte could still deliver
a high capacity of 245 mA h g™', which outperforms the one
with pure Zn(CF;S0;); electrolyte (~178 mA h g™!). Therefore,
an excellent rate capability of 51% capacity retention (only 37%
for the one in pure Zn(CF;S0;), electrolyte) was achieved after
the increase of current densities for the battery with Ca®* elec-
trolyte additives. Meanwhile, the specific capacities are 460, 439,
405, 378, 335 mA h g™ and 444, 404, 346, 307, 205 mA h g™! at
current densities of 0.5, 1, 2, 3, 5 A g™! for batteries with and
without Ca?* additives, respectively. An obvious manifestation
can be observed in the rate performance evaluation that both
batteries in different electrolytes have varied specific capacity
especially under high rates, which is in accordance with fast CV
scans. Comparably, long cycling stability at 10 A g~! for both
batteries are presented in Fig. 2d, in which a higher specific

© The Author(s) 2022. This article is published with open access at link.springer.com. 3
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Figure 2 Electrochemical measurements of (a) CV curves for batteries with pure Zn(CF;SOs), and Ca?* additive-based electrolyte at the scan rate of
1 mV s7, respectively; (b) GDC profiles for converted CaV,40y cathodes with Ca** additives under different current densities; (c, d) rate performance and long
cycling stability of converted CaV,Oo//Zn batteries in pure and Ca** additive-based electrolytes, respectively. Inset (d): digital image of the as-assembled coin
cell lightening an electronic device; (e) the Ragone plot of converted cathodes, in comparison with other reported cathode materials for AZIBs.

capacity and less capacity fading (24%) were achieved with Ca**
electrolyte additives compared with the one (40% capacity
attenuation) in pure Zn(CF;SOs), electrolytes after 3000 cycles
measurement. Therefore, the high reversibility, rate capability
and specific capacity were realised in batteries with Ca?* addi-
tives, which simultaneously exhibit preponderant maximum
energy/power densities as high as 366 Whkg™ @ 0.2A g™! and
6627 Wkg™ @ 10 A g™!, respectively, compared with other
reported vanadium-, manganese- and Prussian blue analogue-
based cathodes in the Ragone plot (Fig. 2e) [27-38].

To fully understand the electrolyte effects on the conversion
reaction of CaV,0y precursor and its electrochemical perfor-
mance after the phase transition in the AZIB system, ZnSO,
aqueous electrolyte was also prepared for determining structural
variations and electrochemical properties. Fig. S4 illustrates the
battery performance with ZnSO, electrolytes at identical con-
ditions to compare with the same cathode materials in triflate-
based aqueous electrolytes. It can be seen that the battery pos-
sesses much lower anodic oxidation potential (1.42 V) along
with dramatic shape changes compared with others as men-
tioned above, which indicates an easier Ca®* depletion or
vanadyl oxidation process and unstable Zn** (de)intercalation
processes. Additionally, GCD profiles of the batteries in ZnSO4-
based aqueous electrolytes were evaluated at the current density
of 0.2 A g™! for 120 cycles (Fig. S4b). The relatively fast capacity
decay (47%), long activation process (fluctuated Coulombic
efficiency <98% during the initial 40 cycles) and low maximum
specific capacity (309 mA h g™!) illustrate the poor reversibility
of converted cathode materials. Meanwhile, it is worthwhile to
verify whether the introduced Ca®* additives contribute to spe-
cific capacity during the charge/discharge process. A three-
electrode configuration (CaV4Oo//porous carbon, V wvs. Ag/

AgCl) with pure 0.5molL™! Ca(CF;SO;), electrolyte was
adopted to characterize its electrochemical performance and
elemental details. More specifically, Fig. S5a presents the CV
profiles at a sweep rate of 0.1 mV s™, in which a dramatic
anodic oxidation peak occurred at the first scan and steady
shapes of curves in following cycles consist with the electrolyte
system using CaV4O, as the cathode material. However, the
feeble redox reaction peaks indicate a poor charge storage
behaviour of Ca?* species which is further verified by GCD
measurement in Fig. S5b. There is an average specific capacity of
52 mA h g™! attained in initial 10 cycles under a current density
of 0.2 A g™!, which is far below that of the batteries using pure
Zn(CF;S0s), or the mixture electrolytes. Moreover, the evolu-
tion of elemental details in Fig. S6 was observed by ex-situ SEM-
EDS. It is seen that only trace amount of Ca species was involved
in the electrochemical reactions which is in accordance with the
electrochemical evaluation.

Further investigations on electrochemical properties were
conducted by galvanostatic intermittent titration technique
(GITT), electrochemical impedance spectroscopy (EIS) and
quantitative analysis of diffusion controlled/capacitive con-
tributions. It is found that the Zn?* diffusion coefficient within
the converted CaV,O, cathodes in both triflate-based electrolytes
deliver satisfactory values in the range of 107 to 10~ cm? S™!
(Fig. S7), which is higher than previously reported values for
CaOA24V205~0.83H20 [15], and K0A25V205'7’1H20 [23] and
Zn,5V,05:nH,O [27]. Notably, a relatively high ion diffusion
coefficient of the batteries with Ca* electrolyte additives sug-
gests improved charge transfer kinetics compared with the one
in pure Zn(CF;SO;),. Moreover, in-situ EIS characterisation
before cycling and at varied (dis)charge states were also adopted
to evaluate the cycle-dependant ion transport properties in

4 © The Author(s) 2022. This article is published with open access at link.springer.com.
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cathode materials (Fig. S8). Pristine CaV,Os in both electrolytes
present the slight difference of interfacial charge transfer resis-
tance (R) with 54 and 32 Q) for batteries with pure Zn(CF;S03),
and Ca** additive electrolytes, respectively, at initial state. This
could be attributed to a relatively high ionic conductivity of
mixed electrolytes compared with pure Zn(CF;SO3), electrolyte
(Fig. S9d), thus strengthening the positive effect on calcium
triflate additives and rendering a faster ion transport kinetics for
high-rate AZIBs. Moreover, there are negligible changes of
inherent ohmic resistance (R,) in both electrolytes after cycling
at varied states as can be observed from Fig. S8d, while the R
changes dramatically associated with different applied voltages.
Interestingly, both electrodes show reduced R values after the
1** charge process, 1.8 and 4.8 Q) for batteries with or without
Ca?* electrolyte additives, respectively, indicating an effective
activation after the conversion reaction, which can be inter-
preted as improved structural and interfacial properties because
of ultrathin 2D configuration with expanded interlayer space
and dangling bond enriched surface with “Janus interface”
derived from water bonded “pillars” and hydrated V,Os sheets
(more details from Raman and DFT analysis) [39]. This is also
an explanation for the faster charge transfer behaviour across the
solid/liquid interface in the aqueous system compared with that
in non-aqueous electrolytes involving a considerable desolvation
energy barrier. However, during discharge processes, the R
increases notably to 98 (93) and 83 (105) Q at 0.75 and 0.3V,
respectively, for batteries in Ca** additive (in pure Zn(CF;SO;),)
electrolytes. Reversibly, the Ry can return to low values for
batteries with Ca?* additives at charge states of 0.85 and 1.7 V,
respectively, which are lower than those in pure Zn(CF;SO3),-
based batteries at identical charge states, suggesting a better
interfacial charge transfer kinetics for batteries with Ca** addi-
tives. This phenomenon can be explained by the deposition of
triflate layered double hydroxide (LDH) on the surface of
cathodes as the battery discharged to the low voltage and the
dissolution in the charge process together with the proton
insertion/extraction, which will be observed in detail from XRD
and SEM characterisations.

Additionally, we quantitatively estimated capacitive and dif-
fusion controlled contributions from the CV curves. As shown
in Fig. S10a, 86.7% of the current response can be ascribed to the
capacitive charge storage process at a sweep rate of 1 mV s},
which manifests a rapid electrochemical behaviour of the as-
prepared cathode materials in electrolytes with Ca** additives,
contributing to superior rate capability. Similarly, the analysis
was further applied to other scan rates, and the corresponding
results are presented in Fig. S10b, of which an increasing frac-
tion of capacitive response starts from 67.4% to 86.7%, along
with the scan rate raised from 0.1 to 1 mV s™', respectively.
Evidently, the electrochemical reaction rate dominates the cor-
responding electrode-electrolyte reaction kinetics rather than
ionic diffusion rate. Furthermore, with the continuous increase
of scan rates from 0.1 to 1 mV s™/, the CV profiles of batteries
with Ca** electrolyte additives still retain their shapes, indicating
a high reversibility and good reaction kinetics in comparison
with the batteries in pure Zn(CF;SO;), electrolyte shown in
Fig. S10c, e. Additionally, Fig. S10d, f show the plots of the linear
relationship for logi vs. logv following the equation [40]:

i= av’, (1)

where the b values close to 0.5 indicate the current response at

the peak potential relying on semi-infinite diffusion, while the b
values approaching 1.0 can be interpreted as capacitive beha-
viour dominated charge storage. Therefore, it is obvious that the
battery with Ca®" additive electrolytes possesses b values of 0.82,
1, 0.82, 0.87 for two pairs of redox peaks, respectively, in contrast
to relatively low values of 0.75, 0.58, 0.80, 0.72 for the one in
pure Zn(CFsSO;), electrolyte, which implies an enhanced
capacitive-dominated process for batteries with Ca** additives.

Zn>*/H* storage mechanism

Based on the discussion of the variation on electrochemical
behaviours of electrodes in different electrolytes and the rapid
in-situ conversion upon the 1% charge process, it is worth
understanding the underlying mechanisms. Fig. 3a displays the
evolution of crystal phases of CaV4Oy cathodes in the electrolyte
with Ca?* additives upon specific potentials during the 1* and 5%
GCD measurement. It can be seen that the CaV,O, entirely
converts to a new phase after the 1* charge process, which can be
assigned to a classic vanadium bronze motif with the Ca®" pre-
intercalation within the §-V,0s5 host (JCPDS: 88-0579), and no
other impurities can be observed. Moreover, the evident dif-
fraction peak of (001) facet at 8.0° represents an interlayer space
of 1.1 nm along the c-axis which is favourable for the fast Zn**
(~4.3 A for hydrated Zn?") diffusion. It is worth noting that the
(001) peak shifts towards the lower 20 degree along with a
shoulder peak upon the 1% discharge process. The peak with
relatively high Bragg diffraction angle of 6.5° can be identified to
an LDH phase of Zn,(OTf),(OH),,—,nH,0O, which was widely
proved by MnO,-based cathodes using triflate electrolytes in
AZIBs, but rarely reported for vanadium bronze cathodes
[10,41]. Recent research discovered that the formation of LDH
could also occur in vanadium oxide-based cathodes, which is
usually associated with the co-insertion of proton and Zn*', thus
resulting in the rise of the local pH [42]. Meanwhile, another
peak at 20 of 6.0° indicated the enlarged interplanar spacing of
14.6 A owing to more accommodated charge carriers within the
interplanar, which is in consistency with reported Zn;V,O;-
(OH)zszo [36], LIXV205T’!H20 [43] and V50]26H20 [44]
XRD measurements at the 5" GCD cycle also preserve the same
shift tendency as observed in the 1* discharge process, where the
(001) peak gradually evolves and swifts to 6.1° at the 5% dis-
charge state, and then recovers to its initial position (7.9°) at the
5% charge state with negligible changes compared with that of
the 1% charge/discharge states, suggesting a highly reversible
phase evolution. Comparably, the ex-situ XRD analyses of
CaV,0q batteries with the pure ZnSO, and Zn(CF;SOs3), elec-
trolytes exhibit identical evolution tendency of diffraction peaks
upon (dis)charge steps, respectively (Figs S4c and S9a). How-
ever, there are new phases emerging in ZnSO, electrolytes,
which can be indexed to CaSO42H,O (ICSD: 70-0982) and
Zn,SO4(OH)4-3H,0 (ICSD: 78-0247). Specifically, the reason for
the formation of Zn,SO4(OH)e3H,0 is the same as the elec-
trodes in triflate-based electrolytes, and it can gradually vanish
with the increase of the applied voltage and reappear during the
discharge process. More interestingly, the crystal phase of con-
verted CaV,0o at the charged state is more likely to be
Vs01,-6H,O (JCPDS: 45-1401), which also possesses layered
frameworks built by coordinated VO, polyhedron without pre-
intercalated species. These phenomena can be assumed that
entire Ca®" in pristine CaV,Oy were extracted by SO resulting
in an insoluble by-product (CaSO,-2H,0) along with the dra-
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respectively; (d) ex-situ Raman spectra of cathodes upon different (dis)charge processes; (¢) schematic diagram of converted cathodes in two electrolytes along
with varied electrochemical/structural behaviours during Zn**/H* co-insertion/extraction.

matic phase transformation, which may also account for the
relatively low anodic oxidation potential in the CV profile
compared with the other two control groups during the 1%
charge process. Additionally, the depletion of interplanar Ca®* in
layered open frameworks gives rise to unstable structural fea-
tures and poor electrochemical properties which can be inter-
preted as unsatisfactory battery cycling performance and notable
cathode dissolution (Fig. S4d). Indeed, it is seen that there are
visually coloured substances on the dissembled separators which
can be ascribed to dissolved vanadium species involving battery
redox reactions (green/yellow stands for V****, and dark green/
black refers to V**). Furthermore, the magnified XRD diffraction
regions of (001) plane in all three control groups at the 1* charge
state are presented in Fig. S9b, of which both batteries in pure

Zn(CF;S05), and ZnSOy, electrolytes present relatively low dif-
fraction angles (7.8° and 7.7° for Zn(CF;SO;), and ZnSO; elec-
trolytes, respectively) compared with the one (8°) in
Zn(CF;S0;), with Ca** electrolyte additives. The result can be
explained by the deficiency of pre-inserted Ca** resulting in the
lack of hydrogen bond against the interlayer electrostatic
repulsion accompanied by dramatic phase transition [45], which
can be further verified by the elemental analysis. Therefore, the
Ca?* triflate additive can be regarded as a crucial factor to
develop distinct converted phase from CaV,O, with better
structural evolution properties. XPS results in Fig. 3b, c illustrate
the variation of chemical states for V 2p and Zn 2p in pristine
CaV,0y and its cycled states with Ca?* electrolyte additives. As
for the core-level of V 2p spectra, the original CaV4O, only

© The Author(s) 2022. This article is published with open access at link.springer.com.
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possesses V*' species with a binding energy of 516.4 eV for
V 2ps). Nevertheless, at fully charged states (1.7 V), a strong and
sharp peak occurs at 517.6 eV for V 2p;,, with an average valence
state of 4.78, which is in accordance with other reported vana-
dium bronze [15], indicating the deintercalation of Zn** and H*
associated with the oxidation of host materials [27]. Inversely,
the oxidised vanadium species can be reversibly reduced as
observed by the attenuated intensity of V*** components, and
an emerging peak locates at 515.4 eV referring to V3* 2ps,
which is in agreement with the previous study [46]. Further-
more, there is no trace of Zn signals detected in the original
CaV,40,, while a substantive peak appearing indicates inserted
Zn** species. After a fully charged process, the majority of Zn**
species were extracted from the lattice, and the lattice-trapped or
surface-adsorbed Zn?* species could contribute to the corre-
sponding weak signals [47].

Moreover, we further performed ex-situ Raman analysis of
CaV,0Oy cathodes and the cycled electrodes in Zn(CF;SOs),
electrolytes with or without Ca®* additives. As shown in Fig. 3d
and Fig. S9¢, several typical features can be identified to reveal
the structural information of the as-obtained vanadium bronzes.
More specifically, low-frequency stretching vibration modes in
the range of 100-200 cm™ can be assigned to relative transla-
tional motions of VO, bilayer in a unit cell involving with
particular vanadyl bonds in VO, octahedra [48]. Hence, the
intensified signals of pristine and fully charged electrodes at this
region reflect a long-range order of in-plane ab orientation in
the [V O,] sheets, which is crucial for the evaluation of local
symmetry in layered structures [49]. Other labelled bands in the
range of 850-200 cm™ in charged electrodes can be assigned to
V-0-V anti-symmetric stretching mode (~695 cm™, bridging O
coordinated with two corner-sharing vanadyl polyhedra),
stretching mode of V-O (~525 cm™, inter-chain bond), bending
vibration mode of V-O-V bridge (~475 cm™, in-plane corner-
sharing O coordinated with centre V) and rocking oscillation
(~407 and ~283 cm™, involving with apical oxygen and centre
V) following an order from the highest to the lowest frequency
[48,50]. Particularly, the band around ~991 cm™ stands for the
stretching mode of the shortest bond in vanadyl polyhedron,
V=0 (apical O double-bonded with the centre V), which is
sensitive to structural changes upon the (de)intercalation process
[51]. For instance, with the increase of the inserted content of Li*
in V,0s5 framework, the band shows the red shift representing
lengthening bond because of introduced foreign species within
the interplanar, and vice versa [48,51]. In contrast to Raman
spectra of charged states, it is found that numerous changes in
fully discharged (0.3 V) electrodes are due to regular red shifts of
vibration modes to lower Raman shifts, suggesting the length-
ening bonds induced by Zn**/H* co-insertion. The results can be
corresponded to the expanded lattice from the XRD results at
the discharged state. Moreover, it should be noted that there is
no concrete verdict of the strong bond with Raman shifts at
~890 cm™ in discharged electrodes. However, it was observed
and assumed from the previous work that this bond generally
exists in hydrated V,0s implying water-governed properties
[52,53]. Considering the same characteristic peak in Raman
spectra from the reported hydrated vanadium bronze [47], we
can speculate that it derives from the coordination of water/
hydronium with V=0 by hydrogen bond, further confirming the
co-insertion mechanism. Similarly, the Raman spectra of pure
Zn(CF;S0s), group also exhibit analogical features in Fig. S9c.

All identified Raman signals can be observed with varying extent
of offset especially for the cycled electrodes, that is, relatively
large Raman shift (4 cm™) of V=0 bond to higher frequency
and relatively low transitional vibration mode of V,0Os bilayer
(143 cm™) after 5 GCD cycles compared with those with Ca**
electrolyte additives, indicating the loss of “pillar” jons and the
intensive long-range disorder. Meanwhile, this can be also ver-
ified by an additional peak emerging at 919 cm™ in the fully
charged state with pure Zn(CF3SOs), electrolyte, suggesting an
irreversible structure formed after the cycling process. In addi-
tion to structural and chemical states variation, it should be
emphasised that there are negligible changes from the AFM
measurement and the thickness after the conversion reaction,
which still maintains a capability to facilitate the charge diffusion
in ultra-thin 2D structures (Fig. S11).

To understand the structural variations during cycling states
of the two electrodes in different electrolytes, the EDS elemental
analyses of the 1* fully charged cathode in two triflate control
groups were also performed, as shown in Fig. S12a, b. The
relatively high ratio of Ca:V for electrodes treated with electro-
lyte additives compared with pure Zn(CF;SO;), was not only
detected by large scale measurement, but also verified by the
TEM-EDS characterisation on a small region of materials
without the interference by the residue of electrolytes and other
impurities (Fig. S12c). Accordingly, the calculated chemical
formulas Of Ca0,12n0,14V205~nHzO and Cao_ozzno'szOs'HHzO
were attained for 1% charged electrodes in additive electrolytes
and pure Zn(CF;SO3),, respectively, that is, nearly all structural
Ca” ions were lost after the initial conversion for the electrode
without Ca** additives in electrolyte. Interestingly, it is further
verified that the LDH layer shields on cathode surfaces in both
triflate-based electrodes at charged states (Fig. S12d, e). How-
ever, it is more dense and prominent in pure Zn(CF;SOs),
electrolyte which could be assumed as more dramatic local pH
fluctuations (pristine pH for pure Zn(CF3SO;), and Ca** addi-
tives electrolytes are 3.81 and 4.17, respectively) during the co-
insertion process, since the precipitation of triflate LDH layer
occurs at the pH of ~5.2 [42]. Following STEM measurements of
cycled cathode materials with Ca?* additives clearly illustrate the
lattice fringe evolution upon fully (dis)charge treatments along
with the elemental mapping detections (Fig. S13), which agrees
with the previous discussion on structural and chemical varia-
tions.

Remarkably, we utilised Swagelok-cells and the inductively
coupled plasma-optical emission spectrometry (ICP-OES) to
evaluate ex-situ elemental information for the cycled electrodes
in triflate-based electrolytes (Fig. S14). The results reveal that the
dissolution of cathode materials was successfully suppressed by
Ca?* additives via the comparison of vanadium species in aqu-
eous electrolytes, which could be interpreted by Le Chatelier’s
principle. Therefore, the merits of additive-involved electrolytes
can be summarised as high ionic conductivity, tuneable struc-
tural conversion and the suppression of the dissolution, which
are essential for maintaining the outstanding electrochemical
activity of cathode materials (Fig. 3e). Additionally, it is worth
noting that the electrolyte-manipulated CaV4O, conversion
behaviors are not limited to Zn and Ca triflate electrolytes, but
also suitable for other triflate-based systems for generating
varied dual-ion pre-intercalated V,0s cathodes. As a proof of
concept, it was verified that pristine CaV,O, cathode can be
rapidly converted to Cap13Mgo;V,0snH,O in 3 mol L™}
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ARTICLES

SCIENCE CHINA Materials

Mg(CF;S03), and 0.5 mol L™ Ca(CF;S03), aqueous electrolyte
after the 1°* charge process (Figs S15 and S16). Hence, the
generation of other vanadium bronzes can be realised by the
method from this study, which could be applied to different
battery systems for designing adequate cathode materials.

Computational analysis

The deep insight of structural and electronic benefits of the
converted CaV,Oy (involved Ca** additives) for charge storage
was analysed by DFT calculations. For the geometric construc-
tion of the converted product, Cag1,Zn1,V,05nH,0, the geo-
metric construction of Cag2,V,0snH,O is adopted as the
prototype to substitute half of Ca atoms ina 1 x 3 x 1 supercell.
All potential structures of Cag12Zng;,V,0s-nH,O were also
considered to determine the most stable structure, as shown in

Fig. 4a and Fig. S17. The Cag1,Zn0.1,V,05nH,O crystallizes with
a space group symmetry of C2/m; the lattice parameter a is equal
to 11.679 A, b is equal to 10.962 A, and c¢ is equal to 10.986 A.
The Ca and Zn ions in Cag1,Zn0,1,V,05-nH,O prefer to insert in
the interlayer of V,0s bilayer and both could bind with the
structural water to form ZnOg and CaO; polyhedra. More
importantly, the structural water could accelerate the diffusion
of Zn?**, which is also proved by the previous study for its
lubricant effect. The structural water can reconstruct a smooth
electrostatic environment by the charge shielding effect for the
Zn** movement [54]. These pre-inserted Ca and Zn ions
increased the concentration of the structural water and thus
effectively increased the diffusion coefficient of the Cag12Zng -
V,05-nH,0. Typically, in CaO; polyhedron, Ca binds with three
Ov) from VO, octahedrons. The Ca—Oy) bond lengths, whose O
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Figure 4 (a) The most stable geometric construction of Cag1,Zn,1,V,Os, viewed along the a-, b-, and c-axes. The grey, pink, blue, red, and pink spheres refer
to Ca, Zn, V, O, and H atoms, respectively. (b) Crystal structures and the corresponding DOS for Cag1,V,05-nH,0, Zng1,V,05-nH,0, and Cag1,Zng1,V20s
-nH,O, respectively. The grey dashed lines showing Fermi levels. (c) The differential charge density diagram of Cag1,Zn1,V>0snH,0. The blue regions
represent the charge reduction, while the yellow regions represent the charge accumulation. The iso-surface was set to 0.0003 e A=,
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is also bonded with V, are in the range of 2.35-2.46 A. The
average bond length of Ca-O in CaO, polyhedron is 2.41 A.
Those Ca-O(v) bonds mean stronger binding force along the c-
axis than van der Waals forces of the V,05 bilayer Though Zn
binds with less Oy, the substitution with Zn could also stabilize
V,0;s bilayer as explained before. The Zn-Oy) bond lengths are
2.13 and 2.24 A, which approach the lengths of the V-O bond in
V,0s. Besides, the ZnOg octahedron is similar to VOg octahe-
dron in V,0Os layers.

There is quite a lot of synergy for such a small distance of
5.50 A between Ca and Zn ions. Thus, we calculated Cag ;,V,Os5-
nH,O to illustrate the interaction between Ca and Zn ions. The
Ca-Ov) bond lengths in Cag;,V,05-nH,O are longer than those
in Cap12Zng1,V,05nH,0, which are in the range from
2.42-2.52 A. The intercalation of Zn?* effectively facilitates the
bonding of Ca and Oy), thus further strengthening the frame-
work consisting of CaO; polyhedron, ZnOg polyhedron, and
V205 layers to avoid the structural failure of the V,0s host
[23,27].

To further understand the electronic structure of Cag.1,Zng.12-
V,0s, the corresponding partial density of states (DOS) of
Ca0,12V205-nH20, Zn0A12V205'f’1H20, and Cao'lzznoAquOs'f’leO
are illustrated in Fig. 4b. For these materials, the valence and
conduction bands are mainly contributed from the 2p orbitals of
O and 3d orbitals of V ions in the V,0s bilayer. Based on the
comparison of the DOS of Cag;,V,05-nH,0O with that of calcu-
lated V,05-nH,O [54], the Ca-ion intercalation made total DOS
(TDOS) shift below the Fermi level along with the reduction of
V,0s. The isolated peak near the Fermi level mainly comes from
the contribution of V in V,0s, implying electron transfer of Ca
to the V. This reduction of V in V,0s also further increased
electrical conductivity than the one without the Ca-ion inter-
calation. On the other hand, the more reduced V in V,0s
enhanced the activities during charge and discharge processes.
The differential charge density diagram of Ca in
Cag.12Z19,12V,05nH,0 has also been visualised in Fig. 4c. The
blue regions mean the charge reduction, while the yellow regions
mean the charge accumulation. Thus, there is an obvious charge
transfer occurring between Ca, structural water, and V,0s layers.
Those blue regions around Ca imply that Ca loses considerable
charges while the nearby V and O obtain electrons from Ca
corresponding to the yellow region around them. Based on the
comparison of the DOS of Cag1,V,05-nH,0O with that of calcu-
lated V,05-nH,O [54], the Zn-ion intercalation made TDOS in
Fig. 4b shift below the Fermi level more than Ca-ion intercala-
tion, forming strong interaction of Zn-Oy) bond with shorter
bond lengths. The newly formed peak is further away from the
Fermi level and the electronic conductivity is lower than that of
Cay,12V,0s-nH,0. However, it does enhance the electrochemical
activity but not as obvious as Ca pre-accommodated V,0s. The
differential charge density diagram of Zn in Cag1,Zng1,V,Os
nH,O has also been visualised in Fig. S18. As for
Cay 1221 12V,05-nH,0, Zn and Ca co-intercalation both enhance
the electrochemical activity and electronic conductivity for
transferring electrons to V within V,0s bilayers. Hence, the
capability of Cag12Zn1,V,05-nH,O as cathode materials for
AZIBs has been greatly enhanced.

CONCLUSION
In-situ electrochemical conversion of quasi-2D ultra-thin
CaV,4Oy to novel vanadium bronze, Caj,Zng1,V,0s5-nH,0, has

been demonstrated as an effective strategy for high-performance
AZIBs via comprehensive studies on analytical techniques and
structural/chemical characterisations in different electrolyte
systems. In particular, the Ca*" additive plays a vital role in not
only enhancing the ionic conductivity, but also preserving the
layered structure of §-V,0s and avoiding structural collapse and
dissolution after the conversion with pre-intercalated Ca** and
Zn**. Additionally, through DFT calculations, the structural and
electronic advantages of Cag1,Zn¢1,V,0s-nH,0 were elucidated
as reinforced charge screen/pillar synergistic effects and electron
transportation, which convincingly support the experimental
results such as high rate capability of 51.3% capacity retention
after fifty-fold current density increase (0.2 to 10 A g™'), rever-
sible specific capacity of 478 mAh g™ @ 0.2 A g™}, robust sta-
bility of ~24% capacity attenuation after 3000 cycles at 10 A g™,
Thus, it is believed that this study will shed lights on the design
of other in-situ converted cathodes for Zn-ion batteries.
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