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VO3(B) is considered as the leading candidate cathode materials for AZIBs, however, the primary challenge of
slow kinetics and limited actual capacity remains unresolved to date well in modification strategy. Significantly,
the insights into the mechanism of ion doping, one of the most effective measures, have not been explored well.
Herein, we proposed and unveil that reactivity of vanadium atoms and the Zn?" ion adsorption energy in VO5(B)
can be related to the theoretical model Ad-p based on the band-center of heteroatom and surrounding coordi-
nation oxygen via the density functional theory (DFT). Accordingly, the heteroatom (Cr, Mo and W)-dope-
d VO2(B) cathode was proposed for AZIBs and it can well verify the above theoretical calculation results.
Typically, the Mo-doped VO2(B) delivers the best comprehensive electrochemical performance, and it owns
excellent initial specific capacity (264.6 mA h g’l) and retention rate (81.4 %) can be obtained at the 3.0 A g’1
after 3000 cycles. And, it also shows a much faster Zn?* jon diffusion coefficient (2.1x10 8 vs 2.6x10™° cm? S~ 1)
than that of pure VO5(B). Meanwhile, the promising energy density of 207.3 Wh kg™! at 0.1 A g~ and power
density of 3094.5 W kg~ ! at 5.0 A g~! also was achieved. This finding can help understand the modification
mechanism of heteroatom-doping materials and fundamentally guide the electrode design to improve
performance.

1. Introduction the further development of zinc ion batteries. Thus, exploring efficient

cathode materials which possess stable structure, excellent electrical

Recently, compared with monovalent metal ions, polyvalent ion
batteries have been widely developed due to the excess of one electron
transfer [1-7]. Notably, aqueous zinc ion batteries (AZIBs) have
received more attention due to the advantages of water-based electro-
lyte and metal zinc with abundant resources, which can help obtain
faster ion migration rate, higher security, environmental friendliness
and reduced cost, etc [8-14]. However, due to the strong electrostatic
interaction between highly polar Zn?" ions and host materials, the low
conductivity of inorganic compounds has become a factor that hinders

conductivity and cycle performance is crucial for aqueous zinc ion
batteries (AZIBs) in the field of grid-scale energy storage [11,15-18].
Among the proposed cathode materials system, VO5(B), as common
vanadium-based material with a stable tunnel structure, varied valence
states of vanadium and other advantages, has been used to store charge
ions (e.g. Alkali metal ions, polyvalent metal ions, etc.) [19-21]. How-
ever, the ability and development of VO2(B) to store 7Zn" ions were
greatly hindered by the limited actual capacity and sluggish ion/elec-
tron transport dynamics. Interestingly, the existing issues can be eased
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well through proposed strategies such as adjusting bulk crystal structure
[22-25], special morphology structure engineering [26,27], and
combining with conductive materials [20,21,28,29], etc. Especially, the
heteroatoms doping engineering is often regarded as one of the most
effective, basic and widespread modification methods based on the
fundamentally rearranged atomic distribution and electronic structure.
Transition metal elements (TMEs) doping have selected as a modified
regulator, benefiting from the special physical/chemical properties and
d orbital electronic. [23,30-33].

However, the issue of the modification mechanism of transition
metal doping has not been fully studied and proved well in AZIBs.
Usually, the TMEs with different energy level will significantly affect the
framework properties by orbital interactions with the p orbital of
nonmetallic atoms (eg. O and S atom.) after introducing the TMEs into
host-material. Meanwhile, most of the common published research work
lacks the corresponding element screening mechanism due to single
element doping way and inapplicable d-band-center theories or other
intrinsic descriptors. Ni2*, W and Mn?" ion, etc. has been singly
introduced into VO4(B) for improved performance, but the mechanism
of atomic doping modification was not explained well [23,34,35].

Therefore, the above discussion not only indicates that the defects in
Zn®* ion storage of VO3(B) need to be reasonable and relatively
fundamental solution, but also highlights the significance and necessity
of dopant selection on the different n-d TMEs and simultaneously un-
derstand the modification mechanism when used as doping
modification.

Herein, Ad-p has been proposed as a descriptor for the selection of
suitable heteroatoms based on the results of Density Functional Theory
(DFT) calculations. Subsequently, the VI B group element (Cr, Mo and
W) doped VO2(B) material (noted as CVO, MVO and WVO) was prepared
as cathode for AZIBs to verify the above theoretical calculation results,
which can be found that the experimental results are in good agreement
with the theoretical calculation results. Finally, the Zn?" ion storage
mechanism of selected MVO also was investigated by various in/ex-situ
characterization techniques. This paper presented descriptor, Ad-p be-
tween dopant and oxygen atom, which may provide considerable mode
to screen dopants for aqueous zinc-ion batteries (AZIBs) and other
metal-ion batteries.

2. Experimental section
2.1. Synthesis of materials

All chemicals are used directly after purchase without any pre-
treatment. Cr(NO3)3-9H,O (Macklin, 99.99%). (NH4)¢M07024-4H,0
(Macklin, 99.9% metals basis). (NH4)19H2(W207)e-xH20O (Macklin,
99.95% metals basis). CoHy04-2H0: (Macklin, AR, >99.5%). V505
(Macklin, AR, >99.5%).

The purity of the chemicals produced by manufacturer Macklin has
met the requirements of this research.

Doped—VOy(B): Firstly, 4 mmol C2H204-2H20 and an amount of het-
eroatoms  source  (Cr(NO3)3-9H20, (NH4)eM07024-4H,0  and
(NH4)10H2(W207)6-xH20) was dissolved in 40 ml deionized water and
stirred magnetically at room temperature; secondly, 2 mmol V,05 were
added to the above solution and magnetic stirring continued for 3 h; thirdly,
the above solution was transferred into 50 ml Teflon-lined autoclave and
heated at 180 °C for 24 h. Finally, the sample was dried at 60°C for 12 h after
it was washed with deionized water and alcohol several times.

Pure-VOg: Itwassynthesized asthe above similar process withoutadding
CI‘(N03)3~9H20, (NH4)6M07024-4H20 and (NH4)10H2(W207)5-XH20.

2.2. Materials characterization
The crystallographic characterization of the cathode materials (CVO,

MVO, WVO and PVO) was measured by a Bruker D8 Discover XRD with
Cu Ka radiation (A = 1.5418 f\). SEM images were collected by a JEOL-
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7100F microscope with an acceleration voltage of 20 kV. TEM, energy
dispersive X-ray spectroscopy (EDX) element mapping, and high-
resolution transmission electron microscopy (HRTEM) images were
recorded using a Titan G2 60-300 transmission electron microscope.
Raman spectrum measurement was implemented by a Renishaw RM-
1000 laser Raman microscopy system. X-ray photoelectron spectro-
scope (XPS) measurement was achieved by using the VG K-Alpha Probe
spectrometer (Thermofisher Scientific) with Al Ka radiation as the
excitation source. Raman (Renishaw INVIA) was applied to obtain the
spectra and ex-situ Raman spectra of the cathode material.

These experimental instruments have been in our laboratory, which
can not only meet the material characterization analysis required by this
research, but also save time and cost.

2.3. The preparation of electrode and electrochemical measurements

Firstly, the active material (CVO, MVO, WVO and PVO), conductive
agent (acetylene black) and binder (PVDF) are added to a mortar to mix
evenly according to the weight ratio of 7:2:1; then the slurry is uniform
Coated on the titanium foil; finally, it was placed in a vacuum drying
oven for drying at 70 °C. The mass loading of the cathode keeps the
average 1.5 mg em 2.

Subsequently, the CR 2016-type coin cells were assembled in the air
using 3 M Zn(CF3S03)2 (TCIL, >99.0%(T)) solution, metal zinc foil and
glass fiber membranes as electrolyte, anode and separator, respectively.
Then, LAND battery testing system (CT2001A, Wuhan, China) within
the potential windows of 0.2-1.4 V was used to evaluate the electro-
chemical performances and Zn?" ion diffusion coefficient; While the
cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) measurements were tested by an electrochemical workstation
(CHI760E and Autolab PGSTAT 302 N) at room temperature.

The LAND battery testing system and electrochemical workstation
with high sensitivity and accuracy have been in our laboratory, which
can help us obtain the required electrochemical performance data in this
research.

2.4. Density functional theory calculations

Constructing the Cr, Mo and W atom inserted VO2(B) model by
replacing a V atom with a dopant atom and used as an example to
qualitatively illuminate the effect of heteroatom on the electronic
structure of VO5(B).

All density functional theory (DFT) calculations were carried out
Vienna ab initio Simulation package (VASP) [36]. The plane-wave cutoff
energy was 500 eV. The convergence of energy and forces were set to
1x107° eV and 0.02 eV/A, respectively. 3x4x3 k-points were used to
sample the Brillouin zone. The Grimme’s dispersion correction method
for DFT-D3 is used to account for the van der Waals (vdW) interactions2
[37]. Then Climbing Image-Nudged elastic band (CI-NEB) calculations
were performed to determine the activation barrier of Zn ion diffusion in
the optimized structure [38]. Crystal structure diagrams were drawn
with Visualization for Electronical and Structural Analysis (VESTA)
[39].

Compared with other computing platforms, VASP has the advantages
of faster computing speed, more accurate results and convenient oper-
ation. And the calculation parameters (such as plane-wave cutoff en-
ergy, convergence of energy and forces, etc.) can also meet the
requirements of the results in this paper. The van der Waals (vdW) in-
teractions can be well handled by DFT-D3. CI-NEB has high accuracy
and universality in dealing with transition state problems. VESTA has
good operation to visualize the crystal structure.

2.5. Calculation formula

In this paper, the formation energy (Ef) can usually be calculated by
the following formulation.



W. Zhang et al.
Er_sup. = (Eaopea—vo2 + Esingte—v — Esingle—ct — Evoz) 1)
E/—lm. = (Ednped—VOZ - Esingle—Cr - EVOZ) (2)

Where the Egypeq—vo2 and Eyo, represent the total energy of doped-
VO, and pure-VOo, respectively. And Egg._v and Egge—c; are the energy
of the single metal atom.

The adsorption energy (Eags) of the Zn atom is defined by the
following equation

3)

Where E, is the cohesive energy in the metal Zn and Ezyadoped—vo2/pvo
and Egoped—voz/pvo are the total energies of doped-VO,/pure VO, with and
without Zn®" ion adsorption, respectively.

The diffusion coefficient of the Zn?* ion in the electrode is mainly
calculated according to the following formula:

- 4 mBVM 2 AEs 2
“e (s (e

where D%,T (cm? s71) is the diffusion coefficient of Zn2+; T (s) is the
current pulse time, mp (g) is the amount of active material in the elec-
trode, Vi (ecm® mol™1) is the molar volume of the active material, My (g
molfl) is the molecular weight of the active material, S (cmz) is the
geometric contact area of the electrode with the electrolyte, AEs (V) is

the potential change between two consecutive relaxation steps, AEt (V)
is the potential change during the constant current pulse

Eats = Eznadoped—v02/pvo — Edoped—vor/pvo — Eza

Dyt 4

3. Results and discussions

In order to evaluate the structural stability and feasibility of the
experimental synthesis, the formation energies of different heteroatoms
are calculated and shown in Fig. S1. When introducing the Cr, Mo and W
heteroatoms into VO,(B) with interstitial and substitution doping way, it
can be seen that there are lower formation energy of latter than former
calculated by Eq. 1-2, indicating that the dominant substitution doping
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mode will take precedence and produce more stable structure. Thus, the
subsequent calculation models are mainly based on structures derived
from element substitution.

Then, the electron structure was investigated through density of
states (DOS), which will give more intuitive information about the
changes in the electronic structure. As the result shown in Fig. 1a, the
PVO exhibits composite semiconductor properties with a distinct band
gap (0.885 eV), while the introduction of heteroatoms causes the
valence bands to shift, leading to the band gap reduction. Compared to
the band gap of CVO (0.1 eV) and WVO (0.565 eV), the electrons of MVO
fill the conduction band thus the energy band across the Fermi level
exhibiting the evident metal properties. Additionally, the energy band is
calculated and supplemented to further prove and discuss the conduc-
tivity and electronic structure of P/C/M/WVO, as shown in the Fig. S2.
The band gap of P/C/M/WVO is consistent with the previously calcu-
lated band gap, and the MVO still exhibits the most competitive con-
ductivity. To further analyze the change of electronic structure, the
Project density of States (PDOS) of Vanadium and Oxygen atoms are
calculated and shown in Fig. 1b and c. The results shows that the
reduction of the band gap in MVO is due to the Vanadium and Oxygen
atoms being influenced by the heterogeneous atoms, which leads to the
formation of bonding orbitals near the Fermi level, resulting in the
enhancement of the activity of Vanadium and Oxygen atoms. A previous
study has demonstrated that the surface reactivity of electrode materials
can be optimized by the enhanced electronic conductivity[34].

Subsequently, the PDOS of heteroatoms and surrounding oxygen
atoms were further investigated and calculated to find out the intrinsic
mechanism of electronic structure interaction between metals and non-
metal atoms. Usually, the electron will transfer from the p-orbital of
oxygen to the empty d-orbital of the metal atom during the process of
forming chemical bonds. The energy difference of d-p orbitals will
significantly determine the electronic promotion energy for the chemi-
cal bond, which will obviously impact the constituent atomic properties
and corresponding chemical bond. In general, there is a more significant
effect on the other atoms based on the much more varied Ad-p than the
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Fig. 1. (a) Total DOS, (b) PDOS of oxygen atom and (c¢) vanadium atom in P-, C-, M- and WVO, respectively. (d) PDOS and Ad-p for PVO, CVO, MVO and WVO,

respectively. (e-f) 2D electronic location function of PVO and MVO.
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perfect initial structure. And recently, similar results also have been
proposed and discussed to elucidate the mechanism[40,41]. As the re-
sults show that the MVO has the smaller Ad-p value of 3.26 than the
CVO, WVO and PVO (3.65, 4.25 and 4.1, respectively) in Fig. 1d, indi-
cating the strongest interaction of Mo-O bond and may induce more
pronounced changes in electron structure. Further, it can be proved that
the uniform distribution of electron structure in PVO is changed through
the Mo-atom doping and there is a stronger interaction between Mo and
O atoms than the initial V-O bond according to the electron local
function diagram (Fig. le and f). In addition, this interaction signifi-
cantly influences the V-O bond in the chains V-O-Mo, influencing the
reactivity of vanadium atoms. Thus, tuning the electron structure by
doping heteroatoms can regulate the reactivity of metal atoms at active
sites in the host material.

To verify the effectiveness and rationality of the electronic structure-
based descriptor of Ad-p, the Zn?* ion adsorption energy in the four
configurations was calculated by Eq. 3. MVO exhibits the most negative
adsorption energy for Zn atoms compared to other three configurations,
corresponding well with the previous electron structure analysis.
Additionally, based on the adsorption structure, the charge density
difference was employed to analyze for Zn?* ion in modified VO,(B) and
PVO. As shown in Fig. 2b and Fig. S3, the charge density difference of
PVO shows uniform distribution and the Zn atom mainly provide elec-
trons to lead the lower valence of the V atom for the reaction process. In
comparison, it can be seen that the original uniform distribution appears
obvious aggregation after Zn?* ion insertion due to the existence of
heteroatoms. Also, this uneven charge distribution can effectively build
alocal electrical field to attract Zn®" ions through columbic electrostatic
interactions for enhanced electrical conductivity [42,43]. Moreover, it is
worth noting that there are more charge fragments on oxygen and va-
nadium atoms in MVO than the CVO and WVO, indicating that doping of
Mo atoms caused a wider range of electronic structure changes.

Chemical Engineering Journal 464 (2023) 142711

Furthermore, typical example can be further given that the bond
lengths of the Zn-O bonds in MVO are generally shorter than that in
PVO, indicating a slightly stronger interaction. Among them, the Zn-Oy9
bond length in MVO is more than its counterpart in PVO, which may be
caused by the fact that the Mo-Oz9 bond length is much smaller than the
value in PVO. Furthermore, the bond strength between Zn and O atoms
was analyzed using crystal orbital overlap population (COHP) method.
A typical example can be firstly given that the orbitals of O3 2p and Zn
3d overlap each other, proving that there is indeed a chemical bond
between Zn and O after Zn>" insertion (Fig. 2c and d and Fig. S4).
Usually, the ICOHP value can be understood as the number of bonding
electrons shared between two atoms and the stronger bonding effect will
be produced as the increased value. Thus, the more negative ICOHP
values in MVO (-0.454) than that of PVO (-0.383), confirm the effective
insertion of Zn?* ion and stronger Zn-O bonds in MVO. And those above
calculated dates are consistent well with the higher adsorption energy
for easier Zn?* ion insertion.

Overall, MVO can bind strongly with Zn atom so that it can be
preferentially inserted in the host material. Significantly, the most
noteworthy is that the change of adsorption energy is closely related to
the Ad-p value, that is, the former will be lower gradually with the latter
decreases (Fig. 2e). Thus, the Ad-p value will induce a differential effect
for the doped-VO,(B) in the Zn?" ion storage process.

Finally, the Climbing Image Nudged Elastic Band (CI-NEB) method
was employed to evaluate the Zn?* ion diffusion kinetics difference in
doped-VO,(B) and PVO [38]. The Zn diffusion pathway profiles and
energy barrier are shown in Fig. S5 and Fig. 2f, respectively. Signifi-
cantly, the diffusion energy barrier of CVO, MVO and WVO is much
lower than that of PVO, indicating that the formers exhibit easier Zn?"
diffusion process due to the changes of electron structure and thus
endow faster electrochemical kinetics.

Overall, as confirmed by the above DFT calculation results and
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corresponding discussions, the Mo-atom can be selected as the suitable
dopant for the modification according to the electronic structure-based
descriptor of Ad-p among the heteroatoms.

To comprehensively demonstrate the modification mechanism of
heteroatom-doping engineering for improved electrochemical perfor-
mance, the cathode materials were prepared via the simple hydrother-
mal method in Fig. 3a under controlling heteroatoms source (Cr, Mo and
W). After the hydrothermal treatment, the introduced heteroatoms will
replace the vanadium atom in host materials and change the local
electrical structure for higher reactivity, rapid kinetics and promoted
capacity. Moreover, it can be seen from the optical photograph that the
color of CVO, MVO and WVO become darker than that of PVO, which
may be due to foreign ions altering the light absorption of PVO (Fig. S6).
Then, the morphology/microstructure of prepared-cathode-materials
was observed by SEM and TEM technology. As shown in Fig. 3b, the
PVO exhibits uniform nano-belts structure, and the urchin-like CVO,
MVO and nano-sheets stacked WVO are obtained after the addition of
chromium/molybdenum/tungsten ions due to the change of surface

Chemical Engineering Journal 464 (2023) 142711

energy of VOy(B). The prepared samples all exhibit uniform element
(Cr/Mo/W, V and O) distribution in Fig. S7. Furthermore, TEM results
confirmed the morphology and uniform element distribution of MVO
(Fig. S8).

Then, it can be observed that the XRD pattern of PVO and C-, M-, and
WVO both can be consistent with the stand PDF card (Fig. 3c; 81-2392,
C 2/m). And, the position of direction peaks shifted to a lower angel and
the intensity also decreased at different degree due to the radius dif-
ference of foreign ions and V**, resulting in lattice distortion for
different lattice constants providing larger space for facilitating the
rapid transport of Zn?" ions (Fig. S9).

Raman spectra with the range of 100-1200 cm ™! also were applied
to investigate the chemical bond (Fig. 3d). And the main peaks of all
samples were locking at 139, 188, 276, 403, 688 and 989 cm_l, which
can be attributed to monoclinic crystalline VO5 and consistent with
other literature [24,44]. The layered structure can be identified by the
two peaks at 139 and 188 cm L. While the peaks located at 282 and 408
em ! belong to the V = O bending vibration bonds and the doubly
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coordinated oxygen (V-O-V) stretching mode resulting from corner-
shared oxygens of two pyramids can be matched with peak of 697
cm L. And, the peaks located at 989 cm ™! is in line with the terminal
oxygen (V = O) stretching vibration [44]. However, the peak position in
C-, M-, and WVO is slightly offset and its intensity is reduced, indicating
the slight distortion of the crystal units. This phenomenon can be
attributed to the different relative atomic masses of heteroatoms (Cr, Mo
and W) and that of V as well as the different chemical bonds [45].

The XPS spectrum was further used to confirm the existence of ele-
ments and explore the valence state information of them (Fig. S10a). As
shown in Fig. 3e, the orbital splitting peak of Cr 2p, Mo 3d and W 4f can
confirm the existence of Cr, Mo and W elements. Moreover, it is worthy
noting that the position of V 2p in C-, M-, and WVO shift to higher
binding energy with a different degree, indicating that the electronic
reorganization in doped-VOy(B) due to the broken electron flow after
the introduction of heteroatoms (Cr, Mo and W) in agreement with the
analyses of DFT analysis (Fig. 1f). Furthermore, the V 2p energy position
of MVO can be fitted as V™ +5, this mixed vanadium valence can lead to
higher electrochemical activity and electrical conductivity (Fig. S10b)
[46,47]. And, it also was further proved that Mo mainly exists in the
form of +6 valence (Fig. S10c).

Chemical Engineering Journal 464 (2023) 142711

N, adsorption — desorption measurements were conducted to
analyze the surface area of PVO and C-, M-, and WVO based on the
significant difference in morphology structure (Fig. 3g and Table S1). It
can be seen that the MVO has the biggest specific surface area and total
pore volume as well as the smallest average pore diameters. Typically,
the specific surface areas of MVO can reach 46.33 m? g~! according to
the Brunauer — Emmett — Teller mode while the PVO was only 12.39 m?
g1, both belonging to the type-III curves. Moreover, the pore size based
on the Barrett — Joyner — Halenda plot is mainly distributed in 10 nm
(15 nm vs PVO) and the desorption average pore diameters are about
13.5 nm (24.9 nm vs PVO). In conclusion, the greatly increased BET
specific surface area and smaller pore diameters of MVO will provide an
increased contact area between cathode and electrolyte for faster ion/
electron transport kinetics and induce much enriched active sites.

The CR-2016 type AZIBs coin cells were assembled to explore the
difference in storage Zn?** ion ability between PVO and C-, M-, and
WVO. Firstly, although the peak current of MVO is slightly smaller than
that of PVO at the same scant rate of 0.1 mV s’l, the area of the broad
redox peak of MVO is significantly larger than that of VOy(B), predicting
the much increased specific capacity of MVO (Fig. 4a). Additionally, it is
worth to note that and a new pair of higher potential redox pairs (1.05/
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0.93 V) appears in comparison to PVO, which can be attributed to the
v>*+/v** for achieving multi-electron reactions and the high voltage of
the AZIBs [48]. Furthermore, it can be attributed to the fact that the
valence electron was changed and activated after the introduction of the
Mo atom. Moreover, the MVO has an almost coincident CV curve, which
predicts a reversible zinc ion insertion/extraction process for excellent
cyclic stability (Fig. 4b).

As a result, C-, M- and WVO all display increased specific capacity
ratio of PVO at 0.1 A g’l, and especially the MVO shows almost no trend
of decay within the same 50 cycles (Fig. 4c), which can be consistent
well with the DFT results. In addition, the Galvanostatis-Charge-
Discharge (GCD) curves of C-, M-, and WVO has significantly lower
over-potential and higher working voltage platform compared with
PVO, which can be consistent well with the abovementioned adsorption
energy and conductivity analysis (Fig. 4d). Typically, it also can be
observed that the MVO//Zn batteries delivers higher open circuit
voltage (Vo) and much increased voltage platform (Fig. 4e). Subse-
quently, the rate performance of four batteries was evaluated at the
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various current densities (0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 5.0 A g’l) and the
CVO, MVO, WVO/Zn batteries display much enhanced specific capacity
than that of PVO. For example, the MVO//Zn batteries have a specific
capacity of more than 100 mA h g~ higher than the contrast sample at
5.0 A g!, indicating the excellent rate performance after the
heteroatoms-doping in VOy(B) (Fig. 4f and Fig. S11). In addition,
although the CVO and WVO all have the obvious trend of capacity
decline, the specific capacity is still much higher than the value of PVO
at 3.0 A g~ ! after 3000 cycles (Fig. 4g). Furthermore, the MVO//Zn
battery still displays excellent cycling performance when increasing
current density to 10 A g~! and it also much higher than the contrast
PVO//Zn battery after 12,000 cycles (Fig. S12).

In order to highlight the advance of MVO cathode, the table about
the performances comparison of MVO and similar type VO3 cathodes has
been listed in Table S2. Compared to VO, with other modification
strategy, MVO has demonstrated significantly improved comprehensive
electrochemical properties. However, we also found some differences
between the performance of MVO and that of other VO, cathode
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materials (such as NiyVO5 [34] and VOee-rich VO5(B)[25], etc.), so we
will further improve the comprehensive performance of VO3 in detail in
future studies.

Moreover, the power density and energy density are also necessary
indicators for evaluating the advances of the proposed cathode mate-
rials. The CVO, MVO and WVO all have much improvement in energy/
power density than that of PVO. Notably, it can be seen that the MVO
delivers the most considerable energy density of 207.3 Wh kg~! at 100
mA g~ ! and a power density of 3094.5 W kg™! at 5.0 A g™, which is
great improvement over other contrast samples and existing cathode
materials (Fig. 4h) [24,49-54]. However, it still needs further
improvement in future studies compared to AlV3Os.

Furthermore, the ion/electro reaction transport kinetics process was
evaluated using the electrochemical impedance spectroscopy (EIS)
technology. The EIS curves of both C-, M-, WVO//Zn and PVO//Zn
batteries consist of semicircles and inclined linear lines, where the
diameter of the semicircle corresponds to the transfer impedance of
charge at the electrode/electrolyte interface, while the slope of the
straight line represents the transfer impedance of the Zn?* ion inside the
electrode material. Specifically, the doped-VO(B) exhibit significantly
reduced charge transfer impedance and ion diffusion impedance in fresh
electrodes according to the Fig. 5a, which can be attributed to the
improvement of electrical conductivity and the favorable hierarchical
morphology structure with enriched reactive sites. Furthermore, the
MVO still delivers much decreased electrochemical impedance than that
of PVO after electrochemical cycles (Fig. 5b). Additionally, the Zn?* ion
diffusion coefficient (Dzy24) calculated by Eq. (4) in MVO and PVO
electrode was evaluated via the galvanostatic intermittent titration
technique (GITT, Fig. S13) according to the above discussion, which
shows the over-potential can be reduced after Mo-doping (Fig. S14).
Specifically, the Dzy2; of MVO is higher and much more stable than the
value of PVO, indicating the faster and more stable Zn?* transport
process in MVO//Zn battery (Fig. 5¢).

In a conclusion, the heteroatoms doped-VOo(B) deliver excellent
electrochemical performance than that of PVO, such as specific capacity
and electrical conductivity. Among them, the Mo-doped VO4(B) has the
best overall performance, which not only proves that Mo atom is the
most suitable dopant from the experimental perspective, but also in-
dicates that the above Ad-p can be used as an effective descriptor for
element screening. And this doping strategy with the adjustable band
gap will help further understand the modification mechanism while
maintaining similarly improved performance compared with our and
others pervious published work [21,23,24,34,35,44].

In-situ XRD, ex-situ XPS and Raman spectra techniques were
employed to insight the Zn?* ion storage mechanism of selected MVO
electrode. Firstly, the structure evolution of MVO cathode was explored
at 0.1 A g~! via in-situ XRD technology during the Zn?" ion insertion/
extraction process (1st and 2nd; Fig. 5d). The interplanar spacing of
typical crystal planes (110), (002), (111) and (310) continues to
expand as the Zn?* ions insertion into MVO and these peaks return to
their original positions when Zn?* ions are released, indicating the
excellent reversible Zn?" ion storage process in MVO.

Then, the ex-situ XPS technology was used to identify the changes of
elements in MVO during Zn?" ion insertion/extraction (Fig. S15a).
Firstly, the stronger zinc element signal when discharged to 0.2 V than
the initial and fully Zn?* ion extracted states further demonstrate that
the Zn?* ion can insert the MVO and come out successfully. And the
weak residual zinc signal locating dead sites indicates that some Zn%*
ions cannot escape well, which is consistent with previous reports, but it
may play a pillar effect in MVO to stabilize the structure for subsequent
reversible reaction (Fig. 5e). Moreover, V3t can be seen while the V°+
disappears and the intensity of V4 is reduced, but the change can almost
return back to the initial states when fully finished the charging process,
indicating that the insertion/extraction of the zinc ions leads to a charge
transfer of the vanadium element and excellent reversible reaction
process (Fig. 5f). Additionally, it is noteworthy that Mo element also has
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reversible change similar to V atom in the reaction process, which
proves that doped Mo can not only play a role in regulating the electron
structure, but also participate in the reaction as an active atom for
providing more specific capacity (Fig. 5g).

The ex-situ Raman spectrum was further applied to investigate the
Zn?* jon storage mechanism of MVO at the initial-two cycles. The
original Raman spectrum peak gradually disappears during the contin-
uous discharge process of the proposed battery system at the 0.1 A g,
followed by some new peaks gradually appearing at 248, 367, 494, 871
cm ! and reaching the maximum intensity at the fully discharged state,
which could be classified as the generated zinc vanadate compounds
(ZnyVO2-nH0) after zinc ion inserting (Fig. 5h). On the contrary, the
stretching/vibration peaks of MVO gradually reappear and the above
generated new peak disappears when the voltage increase from 0.2 to
1.4 V. And this process is similar to the first cycle (Fig. S14b), confirming
the reversible intercalation/extraction reaction mechanism in MVO and
consistent well with the ex-situ XRD/XPS results. As a result, the dia-
gram of the Zn?' insertion/extraction mechanism in the MVO//Zn
batteries can be concluded in Fig. S16.

4. Conclusion

In conclusion, the d-p energy difference based on the band-center of
heteroatom and surrounding coordination oxygen has been proposed to
guide the design of metal-ion doped cathode for AZIBs. And the reac-
tivity of vanadium atoms and the ion adsorption energy can be regulated
for the promoted Zn?" ion storage via DFT calculation results. Then, the
comprehensive experiment results demonstrate that transition metal
elements doping can substantially improve the Zn?" ion storage ability
of VOy(B). Typically, the MVO performs cycle performance (81.4 % at
the 3.0 A g-1 after 3000 cycles), showing much reduced electrochemical
impedance and more stable 7Zn?" diffusion coefficient (about 108 cm?
s~1). More importantly, the MVO delivers considerable energy density of
207.3 Whkg ' at 0.1 A g~! and power density of 3094.5 Wkg ! at 5.0 A
g~ L. Finally, the solid-solution mechanism of Zn?" ion storage in MVO
was demonstrated under the application of in-situ XRD, ex-situ XPS and
ex-situ Raman technology. The results and relative analysis have
confirmed that the theoretical model Ad-p was effective designing
cathode materials for AZIBs rationally. And it also shows that under-
standing the modification mechanism of heteroatom-doping materials
could fundamentally guide the cathode design to improve performance.
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