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Abstract

Hydrated vanadates are promising layered cathodes for aqueous zinc-ion batteries owing to their
specific capacity as high as 400 mAh/g; however, the structural instability causes a serious cycling
degradation through repeated intercalation/deintercalation reaction. This study reveals the
chemically inserted Mn (II) cations act as structural pillars, expand the interplanar spacing,
connect the adjacent layers as well as partially reduce pentavalent vanadium cations to
tetravalent. The expanded interplanar spacing to 12.9 A, reduces electrostatic interaction, and
transition metal cations collectively promote and catalyze fast and more zinc ion intercalation at
higher discharge current densities with much enhanced reversibility and cycling stability.
Manganese expanded hydrated vanadate (MnVO) delivers a specific capacity of 415 mAh/g at a
current density of 50 mA/g and 260 mAh/g at 4 A/g with capacity retention of 92% over 2,000
cycles. The energy efficiency increases from 41% for hydrated vanadium pentoxide (VOH) to 70%
for MnVO at 4 A/g and the open circuit voltage maintains at 85% of the cutoff voltage in the
MnVO battery on the shelf after 50 days. Expanding hydrated vanadate with other transition
metal cations for high-performance aqueous zinc-ion batteries are also obtained, suggesting it is

a general strategy for exploiting the high-performances cathodes for multi-valent ion batteries.

Keywords: Hydrated vanadate, Layered cathode, Manganese cation, Zinc ion battery
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Introduction

Layered materials offering sufficient intercalating channels and active sites for working cations
transportation and accommodation have become the most competitive electrode materials for
supporting commercial applications of the rechargeable batteries,'” especially the secondary Li
ion batteries based on lithium cobalt oxide and graphite which have brought a revolution to
portable electronics and communication.®!! However, the layered cathodes in the flammable and
highly volatile nonaqueous electrolytes introduce serious safety issues when oxygen released
from the layered cathode penetrates to the anode causing thermal runaways.'? Aqueous
electrolytes endow the rechargeable batteries improved safe protection, but the limited voltage
window and single-electron carriers seriously restrain the energy density of batteries, even if high
concentration salt solutions and “water-in-salt” electrolytes were introduced in Li-ion systems.!>
14 Multivalent ions such as Mg?",1> Zn?,'¢ Ca?* 7and AI** 8 carry more charges per ion than Li* or
Na' and are believed as promising working ions in rechargeable batteries. Among all multivalent
ions mentioned above, Zn?* has a smaller ionic radius of 0.74 A in a six-fold coordination and Zn
metal anode has a high volumetric capacity around 5850 mAh/cm?3thus aqueous zinc ion
batteries (AZIBs) have been becoming a hot research field.!® 12! Before any new breakthrough
happens in the present voltage-limited aqueous electrolytes, exploiting cathodes with high

specific capacity is an effective way to achieve an increase in battery energy density.

Cathode materials for ZAIBs mainly include manganese oxides,?? vanadium oxides,?-%
Prussian blue and its analogues,®*° transition metal dichalcogenides** and organic
compounds.?> 4 Manganese dioxides can be classified into one-, two- and three-dimensional
tunnel structures that influence their electrochemical activities for Zn ion storage.!® ¥ The
partially irreversible phase transition and the dissolution of active materials cause an unstable
cycling performance.?" 2 4 Prussian blue, the mixed-valence hexacyanoferrates with an open
framework, has a tunable lattice spacing through introducing different transition metal cations,
3% 48 but the lower specific capacity of < 100 mAh/g makes them uncompetitive in comparison

with manganese oxides of 300 mAh/g.!> ° Dichalcogenides deliver a considerable specific
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capacity around 200 mAh/g, however, the intrinsically low electrical conductivity and discharge
voltage restrain their energy density and efficiency.* % Although organic compounds present a
promising Zn ion storage capability, the dissolvable species formed in the cycling process cause
a rapid capacity fading.*> Layered vanadate compounds as one of the cathode categories for Zn-
ion batteries can deliver a specific capacity as high as 400 mAh/g owing to the variable chemical
valence of vanadium ion from 5+ to 3+ and its tunable interlayer distance for Zn-ion access and
diffusion.'® 2! Additionally, vanadium element has a considerable abundance of 190 ppm in the
Earth’s crust, leading to a lower cost than that of cobalt widely used in commercial Li-ion
batteries.’® Layered vanadium pentoxide, a common cathode for Li- and Na-ion batteries, in
aqueous Zn ion batteries delivered an increasing cycling gravimetric capacity due to the
exfoliation of the initial chunks to allow more reactive sites.?® Hydrated vanadium pentoxide
(V2,05 -nH,O, VOH) has a bilayer structure and structural water molecules work as the pillar to
expand the layer spacing to near 12 A. More importantly, the shielding effect from water
decreases the interaction between cations and plays a role to accelerate Zn ion diffusion.’! In order
to improve the reaction kinetics of VOH, an essential strategy is to introduce some alien cations
into the interlayers to enlarge the spacing. It was found that the bigger radius of the alien cations
could produce a larger layer distance and obtain a faster ion diffusion. For example, hydrated
Mg?* with a radius of 4.3 A creates an interlayer spacing of 13.4 A in VOH, which is larger than
11.07 A in hydrated Li* expanded VOH because hydrated Li* has a smaller radius of 3.8 A.5 53
Similar studies have also been done with preinserted calcium and zinc cations.?* 5 However, the
introduced cations just play a role in expanding the lattice spacing to accelerate the ion diffusion,
the electrochemical stability of host materials still suffer from structural degradation, especially
with the possibility that alien cations deintercalate during the cycling processes because of the
weak Van der Waals interaction between hydrated alien cations and oxygens from layered slabs
of the host. Compared with the weak interactions, the ideal situation is chemical bonding to lock
the layered slabs and endow the host material a stable cycling stability for

intercalation/deintercalation reactions without sacrificing the interplanar spacing.
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In this paper, Mn (II) cation expanded hydrated vanadium pentoxide (MnVO) is prepared
through a hydrothermal method and shows much larger storage capacity and higher discharge
voltage, and enhanced rate capability and cycling stability in comparison with VOH owing
collectively to enlarged interplanar spacing, stabilizing effect from Mn (II) pillars, catalytic effect,
and improved charge and ion transport properties. The increased energy efficiency and reduced
voltage degradation reveal a great potentiality for commercial applications. More importantly,
other transition metal cations (TMCs), such as Co and Nj, are also introduced and present the
same structures and functionalities to enhance the Zn-ion storage performance in an aqueous
system, implying introducing TMCs is an effective and general strategy for improving the layered

VOH cathode.

Experimental

All chemicals were used as received without purification. 2 mmol of V,05 (99.6+%, Sigma-Aldrich)
was dissolved into 50 mL of DI H,O with 2 mL of H,O, (30%, Fisher chemical), and 1 mmol of
MnSO,10H,O (98.3%, Fisher scientific) was dissolved separately into 30 mL of DI water. Two
solutions were admixed and transferred to a 100 mL (internal diameter of 42 mm with a height
of 72 mm) Teflon lined stainless steel autoclave and heated to and held at 120 °C for 6 h. Brick red
precipitates were collected by centrifugation and washed by water and ethanol for three times.
The collected precipitates were dried at 70 °C overnight in an electric oven and turned greenish.
The resulting product (MnVO) was further dried at 120 °C in a vacuum oven. VOH was
synthesized with the same procedure and processing conditions without Mn (II) sources, 80 mL
of DI water was used in order to attain the same internal reactive pressure in the Teflon bottle
and the resulting product was dried by a freezing dryer at -52 “C. For Co (II) and Ni (II) stabilized
samples, their sulfate salts were used to synthesize the desired samples and the processes were

identical to the MnVO synthesis.
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Phase identification was carried out by a Bruker X-ray diffractometer (D8 Discover with IuS 2-D
detection system) at an accelerating voltage of 50 kV and a working current of 1000 uA. A Fourier
Transform Infrared Spectrometer (FT-IR, Bruker, VERTEX 70) was used to collect the functional
groups’ stretching or bending information from 400 to 4500 cm™ and a Renishaw InVia Raman
Microscope equipped with the Leica DMIRBE inverted optical microscope was also used to
obtain the chemical bond information by one of the laser excitation sources at 514 nm. A
differential scanning calorimeter (DSC 3+ STAR® System, Mettler Toledo) was adopted to analyze
the thermal stability of sample within 40-700 °C in a flowing nitrogen gas (50 sccm). The
microstructures of samples were observed by a scanning electron microscope (SEM, FEI Sirion)
at a working voltage of 5 kV and a scanning transmission electron microscope (5/TEM, Tecnai G2
F20) with an accelerating voltage of 200 kV. The surface chemical states of samples were
determined using a Kratos Axis Ultra DLD X-ray Photoelectron Spectroscopy system (XPS) with
an AlKa radiation source that was operated at 10 mA and 15 kV, and with a charge neutralizer.

The angle between the specimen normal and the spectrometer was 0°.

For the electrode preparation, the active material was mixed with conductive carbon and
polyvinylidene fluoride (PVDF) binder in a weight ratio of 7:2:1 in N-Methyl-2-Pyrrolidone (NMP)
solvent to obtain a slurry that was pasted on a current collector - titanium foil. The prepared
electrodes were dried in a vacuum oven at 120 "C overnight. The mass loading of active materials
is 3 - 4 mg/cm?. Zn metal was used as the anode and 80 uL of 3 M zinc trifluoromethanesulfonate
(98%, Zn(CF3S0O;),) aqueous solution was injected into the batteries as the electrolyte. A glass fiber
filter (Whatman, Grade GF/A) was used as the separator. The redox characteristics of cathodes
were tested by cyclic voltammogram (CV) on a Solartron electrochemical station (SI 1287)
equipped with an electrochemical impedance spectroscopy system (EIS, SI 1260). Galvanostatic
intermittent titration technique (GITT) was applied to analyze the reaction and diffusion kinetics
at a current density of 50 mA/g and the charging/discharging time and interval of 10 min for each

step. The Galvanostatic charge and discharge tests were conducted by a Neware tester (CT-4008).
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The working voltage of cells was set from 0.2 to 1.6 V versus Zn?'/Zn, and the EIS measurements

have a frequency range between 10° and 0.01 Hz.

Results and Discussion

Figure 1a compares the XRD patterns of MnVO and VOH, in which VOH is well indexed with
the standard peaks (V,05:nH,O, PDF 40-1296) and MnVO shows the same diffraction peaks as
reported M,V,05A,-nH,O (M= cations, A= anions)>. However, the Miller indices corresponding
to crystallographic planes does not exist in the current database. The structure of M,V,05A,-nH,O
is believed to consist of stacked V-O double layers and the adjacent layers are separated by water
and cations and anions added in the preparation.® The strongest peak at 6.8° in MnVO
corresponds to a larger lattice spacing of 12.9 A and VOH has the strongest peak at 7.4° with a
lattice spacing of 11.9 A that agrees with the reported ~11.5 A, suggesting the introduction of
Mn (II) with water together can expand the interlayer spacing further as reported in Mg
preinserted VOH.> In the FTIR spectra (Figure 1b), peaks at 461 and 737 cm! originates from the
symmetric stretching vibration of the O-V-O bonds and the peak located at 992 cm™ is attributed
to the stretching vibration of the V=0 bonds.”” The bending and stretching vibration of O-H from
structural water appears around 1612 and 3450 cm™,% respectively. Upon careful examination, a
slight red-shift (2-5 cm™) of V-O vibrations appears in MnVO in comparison with VOH,
suggesting the V-O bond becomes weak because a fraction of V5*is reduced to V#in MnVO,* the
details on chemical states will be discussed further with the XPS results. The similarity in FT-IR
spectra reveals similar crystal structures in both samples. Raman spectra (Figure 1c), as the
complementary fingerprints of samples to the FT-IR spectra, were collected. The peak located at
159 ecm? comes from the bending vibration of the -O-V-O-V- chains, which implies an a-
directional compressive deformation in the lattice.®® A blue shift of 4 cm™ in MnVO verifies the
stronger compression along the a- direction due to the possible electrostatic interaction between
Mn(II) and O. The bending vibration of the V=0 bond formed by terminal O and center V cation

appears at 264 cm™,%! and the red shift of 4 cm™ in MnVO means the elongation of V=0 along the
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c- direction, consistent with the XRD results of the lowest angle. The board peak around 352 cm-
!is related to the librational motions of water.®? The triply coordinated O; by three V cations forms
a V3-O bond that connects three edge sharing VOs pyramids in the crystal structure® and is
reflected by a stretching signal at 512 cm™ ¢! and a red shift of 5 cm™ in MnVO suggests a lattice
expansion along the b- direction. The bridging O links two corner-sharing VOs polyhedra and
stretching vibration of V,-O appears at 706 cm™,°" ¢ and the peak at 674 cm™ from stretching of
V,-O suggests a partially disordered V-O-V connection existed in the host lattice.®> The weakened
peak at 674 cm! in MnVO reveal a better crystallinity and the possible reason is that the
introduced Mn (II) makes the arrangement of V and O to be more orderly because the interaction
among the three ionic species. The peak at 891 cm is attributed to the stretching of V-OH,.% A
weakened V-OH,bond appears in MnVO because of the red shift, which implies water have more
rotational freedom in the interlayer.®> The competing interaction from Mn(II) and water could
influence the bond strength of V-OH,. Compared the spectra of 600-800 cm™ of both samples, a
broad peak appears at 674 cm™ in MnVO rather than the sharp peak in VOH. Lorentz functions
were used to obtain the details of chemical bonds, two discernable peaks at 674 and 706 cm™ fit
well with the stretching of V»,-O in VOH (Figure 1d), and a weak peak at 652 cm™ corresponds to
the vibration of Mn-O bond in MnOs octahedra of MnVO (Figure 1e),® suggesting Mn (II) ions
connect [VO,] layers by chemical bonds. It should be mentioned that the bending or stretching
signal of sulfate anion is not detected in Raman or FT-IR spectra, demonstrating no sulfate anion
in MnVO. Based on the structural comparison, it can be speculated that MnVO has two possible
structures. One is the bi-layer structure in which Mn (II) cations reside into the interlayers like a
slight structure distortion in VOH, it can be called by a pre-inserted cation as sodium in V,05.%
The other is to form a new phase as MnV;,03-10H,O (PDF 47-0146)%” which has the same XRD
pattern as M, V,0sA,-nH,O but no crystal structure details can be found in the current database.
For the former, preinserted cations, such as Li*>® and Mg?",5? in VOH seldom cause a big difference
in the XRD patterns. The changes in the XRD pattern means the formation of new phases, but the
analysis based on the FT-IR and Raman spectra demonstrate both samples have the similar

chemical bonds. Combining the structural information discussed above, MnVO is likely to have
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a similar crystal structure as VOH and the preinserted Mn (II) in the interlayer forms the chemical

bonds.
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Figure 1. (a) XRD patterns of MnVO and VOH. (b) FT-IR and (c) Raman spectra of MnVO and VOH, the
vibrations from V-O, O-H, and water are detected. The similarity of both spectra demonstrated MnVO has
the similar structure as VOH. However, the changed chemical bonds indicate the introduced Mn (II) likely
sit into the interlayers. The partially fitted Raman spectra of (d) VOH and (e) MnVO. The peak at 652 cm!

corresponded to Mn-O in MnOg octahedra demonstrates a chemical connection formed between Mn (II)
and O.
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Figure 2a shows TEM images in which MnVO consists of nanosheets. The nanosheets aggregate
to form a micro-flower-like shape as observed by SEM (Figure S1). EDS mapping collected by
TEM exhibits homogeneous element distributions of Mn, V and O in the resulting MnVO sample,
and the lattice spacing of 12.9 A is in accordance with the XRD results. No sulfur was detected,
which supports the argument about no anion (SO,%) in MnVO interlayers as mentioned in the
structural analysis. To confirm the effects of Mn (II) on the structural stability, DSC/TGA is used
to analyze the water loss and possible phase transition in the heating process. Water loss in both
samples (Figure 2b) accompanied with a continuous endothermal process is reflected by two
weak peaks at 150 and 380 °C and the endothermal peak appearing around 685 °C is attributed to
the melting of V,05.% It is worth noting that the end temperature for water loss from MnVO (475
°C) is higher than that from VOH (380 °C) as marked by the dotted lines, suggesting water has a
better structural stability derived from the interaction by Mn in MnVO. The water content in
MnVO (15 wt%) is less than that in VOH (17 wt%). The introduction of Mn (II) could induce a
change in chemical valence of V°>* because of the electroneutrality required in the lattice. Survey
XPS spectra (Figure S2) compare the characteristic peaks and Mn2p signal is only detected in
MnVO, which agrees with the elements in the XRD detected phase. No signal relating to S is
detected in either samples, demonstrating no sulfate anion in MnVO and the structure
speculation is reasonable. Characteristic peaks at 517.4 and 517.0 eV in the XPS spectrum of V2p3,
(Figure 2c) are originated from V', the difference of binding energy means the local chemical
surroundings are different for some V°*, in particular Mn (II) at 642.2 eV (Figure 2d) and V** at
516.4 eV were also detected in literature.® The detected divalent state of Mn cation verifies no
oxidizing reaction happens on Mn (I) in the synthesis processes. The ratio of V4" in MnVO and
VOH are 18.9% and 13.2% (Figure S3 and 2c), respectively, determined by evaluating the
integrated area in the fitting spectra. The appearance of V4" in VOH is possibly from a reduction
reaction between V,05and H,O, to form VO(O,)* in the synthesis process.”” More V** detected in
MnVO is attributed to the introduced Mn (II) and the appearance of V4" implies oxygen vacancies
in VOH and MnVO as reported in V,05 or VOH.”!72 The impacts from oxygen vacancies are close

in both samples because the similar amounts of V#, thus the differences on electrochemical
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performances derives from the introduced Mn (II). V* has a bigger ionic radius of 72 pm than
that of 68 pm for V*" in a six coordination, which further expands the lattice spacing. At the same
time, Mn (II) and V*" have electrons in their 3d orbital beneficial for enhancing the electrical
conductivity and catalyzing the electrochemical reaction; when Mn (II) cations and oxygen
vacancies are introduced, the number of d orbitals located at the bottom of the conduction band
and the upper of the valence band increases.” 7 Both samples have a similar surface area of 50
m?/g (Figure S4), and it is unlikely that their surface area would make significantly different

influences on the electrochemical performances.
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Figure 2. (a) TEM with EDS mapping and high resolution TEM image of MnVO. The thin nanosheet have
homogeneous element distribution and the discernable lattice spacing of 12.9 A agrees with the XRD data.
(b) Differential scanning calorimetry curves from MnVO and VOH, the downward endothermal curve of
MnVO suggests MnVO having a more stable crystal water. (c) XPS spectrum of V2p;, of MnVO and
tetravalent vanadium cation was detected and the amount is around 18.9 % by calculated the area ratio of
the fitting spectra. (d) XPS spectrum of MnVO collected from divalent Mn that demonstrates no redox
reaction happened on Mn (II) ion in the synthesis processes.
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Redox reaction in MnVO was analyzed by the CV test and two pairs of peaks are shown in Figure
3a, the peak pair resided at higher voltage (1 V) is related to redox pair of V*/V# and the transition
of V#/V3* pair appears around 0.5 V. 74 7> The overlapped CV curves in the first three cycles
mean a reversible reaction of MnVO cathode in the aqueous Zn-ion battery. An interesting
phenomenon is that the first discharge peak around 1 V shifts to a higher voltage in the
subsequent cycles, possibly attributed to the local chemical surroundings change after Zn ion
insertion. However, VOH has deviating peaks in the first three cycles and the discharge peaks
shifts to lower voltage upon cycling (Figure S5.) Figure 3b compares the CV curves of both
cathodes collected at 0.1 mV/s and smaller voltage differentiations in redox pairs of MnVO as
listed in Table 1, meaning MnVO cathode has a smaller polarization and better reactive kinetics
in the electrochemical processes. To analyze the reaction kinetics, various sweeping rates of CV
curves were collected as shown in Figure 3c and cathodic peaks shift toward higher voltages and
anodic peaks move back to lower voltages with the increasing sweeping rates owing to the
polarizations,* especially phase transition happening in the electrode.3 Peak currents (i) and

sweep rates (V) obey a power-law relationship that is described by
i=avh , (1)

where a and b are variables. b value of 1 indicates surface capacitance dominated charge storage
and 0.5 is indicative of a mass diffusion-controlled charge storage.”®”® The b values of peaks a-d
in MnVO are 0.65, 0.86, 0.81 and 0.84 (Figure 3d), whereas the values of peaks a’-d” from VOH
are 0.65, 0.76, 0.81 and 0.73 (Figure 56). These suggest both samples have the considerable kinetics
and the electrochemical reactions are limited by ion diffusion and capacitor-like behavior

partially contributes to the charge storage.
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Figure 3. (a) CV curves of MnVO collected at a sweep rate of 0.1 mV/s. The overlapping of the curves in the
first three cycles means a good reactive reversibility in MnVO. (b) Comparison of CV curves of MnVO and
VOH. The smaller voltage deviation in the redox pairs of MnVO suggests a better reaction kinetics and
reversibility. (c) CV curves of MnVO at various sweep rates and (d) the relationship between peak currents

and sweep rates.

Table 1. The redox pairs and voltage differentiation in both cathode materials

Samples ID Redox pairs (V) Differentiation (V)
VOH 1.15/0.93 0.23

0.69/0.48 0.11
MnVO 1.01/0.98 0.03

0.61/0.52 0.09

Voltage profiles of MnVO is shown in Figure 4a and the delivered specific capacity is 415 mAh/g

at a current density of 50 mA/g, which is higher than that of other vanadium-based cathodes,

such as Li intercalated V,051nH,0,® Na,VO.43H,0,* H,V3057° V0,3 7 LiV304%° or
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Mg, V,05:nH,0.52 The sloping curves agree with the board redox peaks in CV test, and the
increased voltage and overlapped curves in the subsequent cycles suggests the highly reactive
reversibility. In the rate capability tests (Figure 4b), MnVO electrode with a mass loading of 3-4
mg/cm? delivers an initial specific capacity of 380 mAh/g at a current density of 0.5 A/g, and VOH
has a capacity of 287 mAh/g. The difference is that VOH presents a capacity increase to 326 mAh/g
after the first five cycles, but MnVO displays a relatively stable capacity at 371 mAh/g. With
current density increasing from 1, 2, 4 to 8 A/g, MnVO delivers the specific capacities of 347, 310,
268 and 214 mAh/g, respectively, and VOH exhibits the capacities of 280, 237, 179 and 124 mAh/g
at the corresponding conditions. The capacity retention in MnVO is 56 % that is higher than that
of 38% in VOH at 8 A/g compared with their capacities at 0.5 A/g, it is also more superior in
comparison with VO,”* and Mg,V,05nH,0O 52 (Table S1). When the current densities decrease
back to 0.5 A/g from 8 A/g, the capacities recover to the initial values, suggesting a stable crystal
structure and great electrochemical reversibility. During the high current cycling tests (Figure 4c),
MnVO presents excellent stability after a slight capacity increase owing to the electrolyte
penetration and electrochemical activation in the first several cycles.> The stable specific capacity
is around 260 mAh/g that closes to the result from rate test at the same current density of 4 A/g.
However, the specific capacity of VOH decreases rapidly and capacity retention is 66% over 500
cycles, which is lower than 96% capacity retention over 2,000 cycles in MnVO. The capacity
retention of MnVO is also higher than that of Zn,5V,05nH,O (80% over 1,000 at 2.4 A/g)* and
LiV,(PO,); cathode (~75% over 4,000 cycles at 1.5 A/g).8! The maximum energy and power
densities of MnVOH are 267 Wh/kg and 5,791 W/kg, respectively, which are higher than 224
Wh/kg and 4,244 W/kg of VOH as shown in Ragone plot (Figure S7). Voltage hysteresis collected
at 4 A/g exhibit the remarkable differences between the two, but this essential indicator for
evaluating the practical possibility is ignored in the current reports on zinc ion batteries. As
shown in Figure 4d, MnVQ, at the initial cycle(s), delivers a higher specific capacity of 251 mA/g
with a mid-value voltage of 0.61 V, which are higher than the specific capacity of 216 mAh/g and
0.47 V in VOH. At the 50' cycles, the specific capacity of MnVO has a slight increase to 275 mAh/g
and an increased mid-value voltage of 0.67 V. However, VOH presents a decrease on specific

capacity to 92 mAh/g with a slight increased mid-value voltage of 0.51 V. More importantly,
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energy efficiency (EE), defined by the ratio of discharge and charge energy densities in a battery
performance to evaluate the practicability,® is 70% calculated in the 50 cycle of MnVO and its
initial EE is 59%. The hysteresis area encompassed by the charging and discharging curves in
Figure 4e reflects the energy loss in one cycle. The larger area means lower EE and higher energy
loss in the battery. For VOH, it has an initial EE of 40% (Figure S8) and maintains at 41% in the
50t cycle, meaning an energy loss reaches up to ~60%. Voltage degradations (Figure 4f) on the
shelf, another practical parameter to evaluate batteries’ self-discharge,® were also monitored after
the fully charging process at a current density of 50 mA/g. Open circuit voltage of MnVO battery
maintains at 1.36 V (85% of the cutoff voltage) after 50 days, but VOH degrades to 1.29 V,
suggesting a less self-discharge reaction happens in MnVO. Generally, the voltage degradation
on the shelf comes from the charge redistribution and reverse ion transport between two
electrodes.® The better electrochemical performances in MnVO can be attributed to the
introduced Mn (II) that combined with water to expand the interlayer spacing for benefiting the
ion diffusion to enhance the rate capability and decrease the polarizations at a high current
density. Mn (II) cation carries positive charge that would form chemical interaction with terminal
oxygen from [VO,] layers to stabilize the crystal structure, which guarantees the structural
stability under the fast Zn ion insertion and extraction and decrease the ion self-diffusion to
restrain the degradation on open circuit voltage when batteries are on the shelf with a long time.
In addition, more V# induced by Mn (II) has a positive effect for the improved electrochemical
performance owing its larger ionic radius and one electron in the 3d orbital, which lead to a more

expanded lattice spacing and enhanced electrical conductivity to catalyze the phase transition.
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Figure 4. (a) Voltage profiles of MnVO at 50 mA/g. (b) Rate capability and (c) Cycling stability of both
cathodes in the aqueous Zn-ion battery. (d) Voltage profiles at the 1%t and 50 cycles collected at 4 A/g, the
smaller polarization and higher energy efficiency in MnVO suggest the introduced Mn (II) cation benefits
ion diffusion and stabilizes the crystal structures under fast ion insertion and extraction. (e) Voltage
hysteresis of MnVO and VOH collected at 4 A/g in the 50t cycle. The area encompassed by charging and
discharging curves is the energy loss in the cycle, MnVO display a smaller energy loss and higher energy
efficiency. (f) Open circuit voltage degradations of batteries on the shelf. The less voltage loss means the
weak self-discharge and the stable electrochemical performance.

To confirm the charge storage mechanism, the phase transitions in the electrochemical processes

were detected by ex-situ XRD and the patterns are shown in Figure 5a. The pristine electrode was
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tully discharged to 0.2 V, the strongest peak at 6.8 moves to a lower angle of 6.2° meaning the
interlayer spacing expanded to 14.1 A from 12.9 A. Zn ion has an ionic diameter of 0.88 A in a six-
coordination, but the size of hydrated Zn?* with six water molecules is around 2.1 A, suggesting
Znions are desolvated before intercalating. In the fully charged state, the peak at the lowest angle
goes back to around the starting position, meaning a highly reversible reaction. The peaks around
35 * and 62 ° present the similar tracks. Several weak peaks appear and vanish reversibly in the
charging or discharging process, suggesting the reversible phases form in the reactive processes.
Most of V cations reduce from 5+ to 4+ and 3+ when MnVO cathode is discharged to 0.2 V from
the pristine as presented in H,V;03.7° Figure 5b shows the peak at 517.0 eV corresponding to V#*
and 515.9 eV to 3+. The characteristic peak about V> can be found owing to the incomplete
reaction because the delivered specific capacity of 416 mAh/g at 50 mA/g (Figure 4a) is lower than
the theoretical capacity of 598 mAh/g based on the chemical valence of V>* fully reduces to V3*in
the reaction. At the fully charged state, V cations are oxidized to 5+ with a small amount of 4+ as
found in the pristine state. It is worth noting that the peak position of V>* shifts from 517.4 to 517.6
eV after the full charge (Figure 5c). In general, electron binding energy is defined as the extent of
the attraction between cations and electrons through electromagnetic force in a respective atom,
ion, molecule or solid, and determined by the electrostatic force of nuclei and screening effect
from neighboring electrons, the formation of chemical bonds causes electron redistribution in
atoms or ions and further leads to a change on binding energy.* The binding energy of V°* shifts
to a higher energy state, on one hand, can be attributed to the amount of V** from 18.9% to 10.4%
calculated by the area ratio in the simulated XPS results. The amount of V#* decreases and results
in a weaker attraction from the nuclei of V#* to the electrons in V°* as observed in hydrogenated
V,05% The amount of V¥ decrease also explains the capacity increase in the first two cycles as
observed in Figure 4a. The trapped Zn?" (Figure 5d) is another possible reason because it impairs
the electron-withdrawing effect of oxygen from the V cation, the reduced ionic diameter in V>* in
comparison with that of V4" means the nucleus has an enhanced interaction on the electrons. The
charging specific capacity is higher than the discharging one, which indicates the lower valence
V cations are oxidized to 5+ in the first cycle (Figure 4a) as observed in Figure 5c. A part of the

detected Zn? in the fully charged state may also come from the surface adsorbed or lattice
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trapped Zn?".7%% Mn (II) was detected by XPS in both fully discharged and charged states (Figure
59), meaning Mn (II) stays intact in the host crystal. Besides, the oxidation of Mn (II) would occur
only at voltages above 1.62 V,* thus Mn (II) would not participate redox reactions in the working
voltages of MnVO. EDS mapping in Figure 5e-f shows the element signals at fully discharged and
charged states, Zn presents a strong and weak signal after discharging and charging in MnVO
cathode, and the reversible stripping/plating reaction simultaneously proceeds on Zn metal
anode as observed by SEM (Figure S10), which means Zn-ion intercalation/de-intercalation
reversibly happened in the electrochemical processes. The detected Mn in both states implies it
stays stable as a pillar in the crystal lattice. The recovered phases and chemical valence of
constituent elements in the electrochemical processes demonstrate a reversible intercalation

reaction for MnVO with the redox pairs from the V cations.
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Figure 5. (a) Ex-situ XRD patterns of MnVO at fully discharged and charged states in the initial cycles. The
shifts and recovery of the characteristic peaks suggest a reversible intercalation reaction occurring in the
electrochemical processes. XPS spectra of V2ps;, at the fully discharged (b) and charged (c) states. The
appearance of V¥ and V¥ agrees with the reducing reaction in the discharge process. V>* dominated
compositions at the fully charged state mean the recovery of MnVO and a slight shift of V3* originates from
the change of local chemical surroundings. (d) The evolution of Zn 2p;, spectra in the first cycle. The
remaining Zn?" at the fully charged state is attributed to a slight trapped Zn?* in the host lattice and surface
adsorption even if the disassembled electrode was washed by water several times. TEM images and the
corresponding EDS mapping at (e) fully discharged state and (f) fully charged state. Mn was detected at
both states, suggesting Mn is stable in the crystal lattice. A slight amount of Zn ions detected at the fully
charged state agrees with results from the XPS spectrum.
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To discern the reasons of the disparity on the electrochemical performance of both samples, GITT
plots were collected at a current density of 50 mA/g as shown in Figure 6a. The relaxation rest
after charging and discharging causes the zigzag voltage profiles and the voltage recovery is used
to evaluate the ion diffusion and the IR drop can be transform to internal reactive resistance
(RR).*> *1 The RRs are calculated using IR drop with the applied current density and the
resistances at different steps are show in Figure 6b. For MnVO, the RRs are lower than 0.3 Q-g in
the whole process, even though a resistance bump appears around 1.0 V in the charging process.
However, the RRs of VOH present an increase at the charging process and reach the maximum
of 0.9 Q-g around 1.0 V and then go down. In the discharging process, the RRs of MnVO maintain
stable, but two concaves appear at 0.5 and 1.0 V in VOH. It is interesting that the positions of the
bumps or concaves are identical to the redox peaks observed in CVs (Figure 3b), implying a
radical difference on charge transfer in both samples. From the point of crystal structures, charge
transfer in VOH prefers along the ab plane owing to the [VO,] polyhedra connecting to each other
through edge- or point-sharing, but no points or edge contact between the interlayers along the
c-axis.”® In MnVO, Mn (Il) ions reside into and connect [VO] interlayers so that the charge transfer
is 3-dimensional and the charges from redox reaction can be transferred easily. EIS spectra (Figure
6c) compare the impedances of batteries before cycle and at the fully charged states and Table 2
lists their charge transfer resistances (CTRs). EIS spectra consist of semi-circle at high-frequency
region corresponding to charge transfer resistance and a linear tail at low-frequency relating to
ion diffusion.? MnVO presents a CTR of 63 Q at the initial state and the CTR decreases to 24 Q
after 3 cycles, while CTRs of VOH are 177 and 38 Q) before and after cycling. The decrease of CRTs
after cycling might be attributed to the activation of materials and a small amount of trapped Zn?*
connected the [VO,] interlayers to provide more charge transfer pathways. The relationship
between low-frequencies and real part of impedance (Figure 6d) can be used to calculate the Zn-
ion diffusion coefficients®? (details shown in SI) and MnVO has a higher Dz, of 3.22x10"'2 than
that of 1.46x1012cm?/s in VOH after the material activation. The lower RRs and CRTs and higher

Dz in MnVO guarantee the fast redox reaction and stable crystal structure supported by pillar
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Mn (II) endows the excellent cycling stability at high current density of 4 A/g as shown in Figure

4b.
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Figure 6. (a) GIIT plot collected at a current density of 50 mAh/g. (b) The reactive resistances during the
charging and discharging process, the smaller resistances in MnVO suggest a better charge transfer in the
redox reaction. (c) EIS spectra of both samples with the simulation curves before and after first 3 cycles
with a small current density as GITT used. (d) The relationship between real part of impedance and low
frequencies, the smaller slopes of the linear tendency mean the faster ion diffusion in the electrochemical

processes.

Table 2. The charge transfer resistances and ion diffusion coefficients from the EIS tests
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Samples ID Label R, (Q) D75+ (cm?/s)

VOH Before cycling 177 1.20x1014
After 3 cycles 38 1.46x1012

MnVO Before cycling 63 6.07x1014
After 3 cycles 24 3.22x1012

Mn (II) expanded VOH achieves the structural stability and reduces reactive polarization during
the repeated charge/discharge process, nickel and cobalt sulfates were also used as the raw
materials to replace manganese sulfate in the synthesis processes to obtain the stabilized samples.
The resulting powders exhibit similar XRD patterns as shown in Figure 7a, suggesting three
samples have the similar crystal structures with MnVO as characterized and analysis above. The
comparison on rate capability and cycling stability are shown in Figures 7b-c. Ni (II) vanadate
(NiVO) and Co (II) vanadate (CoVO) deliver enhanced rate capability and display the excellent
cycling stability at 4 A/g and high capacity retentions of 92% and 95%, respectively. Those are
higher than 65% of VOH or ~ 80 of Znj5V,05nH,O 3¢ or ~90% of Na,V¢O161.63H,0% in the
reported, demonstrating the TMCs introduction can effectively improve the Zn-ion storage
performance in hydrated vanadates. The disparities on electrochemical performances of different
TMCs vanadates might be attributed to the ionic size of TMCs and their electronic structures will
be studied in-depth in the following work. Consequently, TMCs introduction in hydrated
vanadates is a general and effective strategy to improve the electrochemical performances for

various multivalent ions storage.
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Figure 7. (a) XRD patterns of NiVO, CoVO and the reference of MnVO. The similar diffractive patterns
suggest the Ni (II) and Co (II) contained samples have the same structure as MnVO. (b) Rate capability and
(c) cycling stability tested at 4 A/g. Divalent transition metal cations play the same role in stabilizing the

crystal structures and enhancing the cycling stability at fast charge/discharge process.

Conclusions

Expanding the interplanar spacing of hydrated vanadate by introduction of Mn (II) ions makes
the cathode more thermally and structurally stable. Chemically inserted Mn (II) ions connect [VO,]
layers by chemical bonds, work as pillars making the robust structure, and induce the formation
of V# ions resulting in expanded lattice spacing, which facilitates fast ion diffusion (3.22x10-12
cm?/s) and enhances the electrical conductivity. MnVO cathode possesses a large storage capacity
(260 mAh/g) at a higher discharge current density (4 A/g) than that of VOH. MnVO also
demonstrates a capacity retention of 96% over 2,000 cycles at 4 A/g compared to 65% of VOH

over 500 cycles. Chemically inserted Mn (II) ions improved reversibility by reducing the voltage
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polarization, resulting in an energy efficiency of 70 % in MnVO cathode battery, much higher
than 40% for VOH at 4 A/g and with an open circuit voltage of MnVO battery retained at 1.36 V
(85% of the cutoff voltage) after 50 days on the shelf. Divalent transition metal cations, such as Co
and Ni, exhibit the same structures and stable cycling performance, suggesting that expanded
VOH by introduction of TMCs is an effective and universal approach to improve or design high-

performance cathode materials for aqueous Zn-ion and other multivalent ions batteries.
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Broader context

Aqueous zinc ion batteries with nonflammable electrolyte offer high safety, fast
charge/discharge capability, long-term cycling stability, and low cost with comparable
energy density to lithium ion batteries. However, the lack of cathodes with high practical
capacity, high discharge voltage, low self-discharge, and cycling stability remains an
imperative challenge. Hydrated vanadium pentoxide (VOH) delivers a specific capacity
as high as 400 mAh/g but suffers from structural degradation because of the weak Van
de Waals force between the layers. In the present work, divalent transition metal cations
(TMs) were chemically pre-inserted to VOH, resulting in much larger storage capacity
and higher discharge voltage, and enhanced rate capability and cycling stability in
comparison with VOH owing collectively to enlarged interplanar spacing, stabilized
crystal structure, catalytic effect, and improved charge and ion transport properties. The
increased energy efficiency and reduced voltage degradation reveal a great potentiality

for commercial applications.
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