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Abstract

There is a growing need for fast, efficient, safe, low-cost energy storage. Aqueous zinc-ion
batteries (AZIBs) may be able to address this need but suffer from fast capacity fade and poor
ion diffusion kinetics; due to unstable structures and non-optimised interspacing of layered
cathode materials. Herein, we propose a structural engineering strategy by synergistically
inducing anionic defects and cationic groups within vanadium bronze structures to improve
kinetics and boost capacity. The materials discovered and used as the cathodes in AZIBs
presented a high capacity of 435 mAh g'! at a current density of 0.2 A g'! and excellent stability
showing 95% capacity retention after 1500 cycles at 10A g''. This combined experimental and
computational study systemically indicated that rapid Zn>" storage was achieved from both a
highly porous structure, enlarged d-spacing combined with improved electron conductivity as

determined by density of states calculations. The modification of vanadium bronze type
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cathodes achieved by controlled pre-intercalated species and tailored oxygen deficiency open
up an avenue for illumination of superior material design, which is realized and proved its

feasibility in this work.

1. Introduction

The extensive concerns of limited resources, safety and the environmental issues of current
energy storage techniques has fired new research to sustainable battery revolution to satisfy the
burgeoning global market.! Alkali metal batteries have achieved dramatic progresses in
improving safety through introducing all-solid-state>> or water-in-salt electrolyte®® concepts,
however the specific capacity still maintain inadequate (< 200 mAh g') and technical issues
such as the poor ionic conductivity and high-cost of concentrated metal salts limit their
practical applications®”®°. Aqueous zinc-ion batteries (AZIBs), a promising candidate for the
next-generation of energy storage devices, possess a high theoretical capacity of 820 mAh g'!
based on zinc anodes and a suitable redox potential of -0.76 V vs. standard hydrogen electrode
(SHE), which have shown a competitive performance when utilizing mild aqueous

10.11 "However, the challenge remains of designing suitable cathodes still exist

electrolytes
because of the relatively large radii of intercalated hydrated Zn?" and a strong electrostatic force
between divalent Zn>" and host structures'>!*. To date, various types of cathodes have been
developed for AZIBs such as Prussian blue analogs, manganese and vanadium oxide based
cathodes'®. Among them, vanadium-based cathodes exhibit a high theoretical capacity (>300
mAh g!) because of the active valence states of V (III to V) during the zinc (de)intercalation
process'®. Additionally, layered crystal structures of cathodes can offer two-dimensional open

1617.18 which can be modified by the pre-intercalation of foreign

channels for fast ion diffusion,
cations, forming expanded interlayer spacing materials such as metal dichalcogenide,
birnessite manganese oxides?® and vanadium bronzes?!, the electrochemical properties were
shown to be improved.?>?** different attempts based on vanadium based cathodes having been
reported, the developed materials suffer from inadequate reversibility and rate performance due
to the strong electrostatic induced collapse and low electron conductivity of vanadium
bronzes*. Meanwhile, notwithstanding well-proven optimization of battery performance via

cathode-electrolyte interfacial modification widely observed in lithium ion batteries,?*?’
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similar investigations in AZIBs are still rather limited. In addition, introducing lattice water
into vanadium based cathodes for AZIBs have been intensively investigated to significantly
reduce the effective charge of Zn?>" by forming a shield of hydroxyl groups or/and water
molecules coordinated with the aqueous media. Thus, a lower activation energy is required for
the interfacial transfer and less electrostatic interaction.?®2%3031:32 Likewise, there is few
reported work on vanadium oxides which suggested tailored electronic structures for
facilitating mass transfer properties via introducing oxygen deficiencies.**-** Therefore, it is
necessary to explore a general route for further boosting energy storage properties of vanadium
bronze structures by overcoming their inherent deficiencies and unravel its mechanism for
unlocking the potential for practical applications.

Herein, we deliberately introduced rich defects, including oxygen deficiency, foreign cation
and lattice water, into the fluoride-etched porous vanadium pentoxide framework to form a
distinct ammonium vanadium bronze associated with the NH4V4O10 (NVO) structure and used
this as cathode for AZIBs. The tailored oxygen-deficient hydrated NH4V4019 (O¢-NVO'nH>0)
with large specific surface area gained remarkable improvement in the Zn" diffusion kinetics
and enlarged accessible sites for inserted Zn>*, This benefits from not only a highly porous
microstructure and a further expanded interlayer space for optimized interfacial properties
compared with NVO, but also enriched defects within the host framework for tuning electronic
structures and lowering ionic diffusion energy barrier. Thus, the corresponding AZIBs illustrate
a specific capacity of 435 mAh g'! at the current density of 0.2A g! and 106.5% capacity
retention after 1500 cycles under a current density of 10A g™! (244 mAh g! attained compared
to 229 mAh g™ at 2" cycle). More impressively, the as-developed O¢-NVOnH,0 improved the
rate performance from 19% to 43% of capacity retention as the current density was raised 28
folds compared with the original NVO. A two-pronged mechanism of zinc (de)intercalation
facilitated by both oxygen defects and interplanar engineering was carefully clarified by both
experimental and computational approaches, which suggest a universal strategy to design high-
performance vanadium-based oxides. This also provides deep insight for understanding the

synergistic effect of both oxygen vacancies and NH4"/H,O “pillar” functionalities.

2. Result and discussion


javascript:;
javascript:;

The synthesis of both NVO and O4-NVOnH>O was achieved by a facile hydrothermal reaction
(Experimental section). The increased amounts of oxalic acid and NH4F were employed in the
preparation of Og-NVOnH>0O, which generated distinct morphological changes from flower-
like architectures to urchin-like nano-ribbons compared with the as-obtained NVO, as shown
by scanning electron microscopy (SEM) in Figure la,b. Furthermore, in contrast to the
observation by transmission electron microscopy (TEM) of NVO (Fig. S1), the characterization
depicted a relatively porous microstructure with clear lattice plane indexed to the (205) facet
in the Og-NVOnH>0 material as shown in Figure 1c. The porosity is likely the result of
enriched defects and etching of the microstructure through the synergy of reducing reagents
and NH4F as precursors.>>*° For further evaluation of porosity in the as-prepared samples, BET
measurement was carried out, which strongly verified a relatively larger specific surface area
of 57.1 m* g'! in 0¢-NVOnH>0 compared with 20.6 m? g'! in NVO. In addition, the pore size
distribution indicates that the majority of pore diameters were 2 nm which corresponded well
with observations from the HRTEM image (Fig. S2). As indicated by X-ray diffraction (XRD)
in Figure 1d, the XRD pattern of NVO was indexed to the monoclinic crystalline phase of
NH4V4010 (JCPDS: 31-0075) in C2/m space group, which was composed of bilayers of V-O
polyhedral stacking along the c-axis and pre-intercalated NH4" accommodated within the
interplanar sites.’” Similarly, the Og-NVOnH2O possesses the corresponding features of
diffraction peaks but with a slight shift to lower 20 values, as observed in the (001) facet
(26=3.905"), which suggests an expanded interlayer spacing along the c-axis of 10.4 A
compared with as-prepared NVO (9.6 A), according to Bragg’s equation. Moreover,
commercial V,0s (JCPDS: 41-1426) was also adopted as a comparable material to explore the
effects of pre-intercalated NH4" in V,Os frameworks on AZIBs performance. Figure 1e exhibits
the Fourier transform infrared spectrum (FITR) of NVO, O4-NVO'nH>0 and commercial V>0s,
respectively. It can be clearly seen that the absorption bands of the materials have a series of
similar vibrational modes which can be assigned to V-O bending, V-O-V stretching and V=0
stretching at the wave-numbers of 472 cm™ (454 cm™), 756 cm™ (744 cm™) and 987 cm™! (945
cm™!) for O4-NVOnH,0 (and NVO), respectively.*®* The slight red shift of characteristic
FTIR bands at V=0 stretching mode in as-prepared samples compared with commercial V205

could be attributed to the pre-intercalated species bonded with apical oxygen in VOx
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polymorphs. The result corresponds to the observation of linear expansion of (001) d-spacing
in the XRD results, and agrees with previous reported work on Li* pre-intercalated V20s.*’ In
particular, the bands around 1412 and 3177 cm™ conform to the symmetric bending and
asymmetric stretching modes of N-H, respectively,>” which confirm that the NH4" exists in
both NVO and O4-NVOnH;0 materials. Moreover, it is seen that there are two distinct bands
at 1644 and 3556 cm’' corresponding to the bending and stretching modes of H-O,
respectively,*! which indicate the presence of H2O in O¢-NVOnH20. Thermal gravimetric
analyzer (TGA) was carried out to evaluate the mass loss during the elevation of temperature.
It needs to be emphasized that the partial NHs" species could also escape from the framework
accompany with the water. Therefore, it is difficult to extract the actual amount of water content
from the TGA measurement. However, the plot in Fig. S3 indicates a greater weight loss in the
sample of Og-NVOnH,0 compared with NVO. Further confirmation of the NH4" is provided
from the presence of N via X-ray photoelectron spectroscopy (XPS), which is depicted in
Figure 1f and shows a clear N 1s core level spectrum for both NVO and O4-NVOnH>O
materials. For quantitative analysis of N elemental concentration in the as-prepared
materials, relative sensitivity factors were used to calculate the varied amount of NH4" species,
interpreted as a ratio of N:V, which showed 1:3.94 for NVO and 1:3.9 for O4-NVOnH:O,
suggesting a negligible change in N concentration through the specific modification. In
addition, the V 2p core-level spectrum next to N 1s spectrum shows mixed oxidation states of
V compared with that in commercial V,0s (Figure 1g), which indicate that a partial reduction
of V°* species has occurred when introducing extraneous cations into the V>Os frameworks.
More specifically, the peaks with binding energy of 517.3 0.2 eV in all three materials refer
to V> 2ps2, while a lower binding energy of 516.1 eV was assigned to V4 2ps/2 and only
observed in NVO and O4-NVOnH20. The same results of mixed valence states can be also
found in other reported works on pre-intercalated vanadium oxides.****** Furthermore,
proportion calculations of varied V species peak areas indicate that the average oxidation states
were V*#6"and V4™ for 0¢-NVOnH>0 and NVO, respectively. The relatively lower valence
state of V species in O¢-NVOnH>O was anticipated since more reducing reagent was applied
in the preparation process resulting in oxygen deficiency induced reduction of V oxidation

states, which is discussed in the DFT analysis (vide infra). Figure 1h illustrates the O 1s core
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level spectrum of all materials. It is noteworthy that significant defective oxygen species peaks
in both Og-NVOnH>0 and NVO with a binding energy of 531.6 eV, which is in good agreement
with previous reports of oxygen defects in vanadium oxide based materials.*>*%474 Moreover,
the proportion of defective oxygen concentration in Og-NVOnH>O was much higher than that
in NVO which can be simplified by comparison of the ratio between two oxygen species peaks
area within the O 1s spectrum (Og: Oy is 27:73 for NVO and 43:57 for Og-NVO, respectively).
Further evidence of existed oxygen deficiency was verified by electron paramagnetic resonance
(EPR; Fig. S4a), which illustrated a signal at g~ 1.98 assigned to the unsaturated oxygen
species (oxygen vacancies) in the spectrum. It should be noted that there was no trace of F-
species observed from both XPS survey and core level of F 1s spectra in O¢-NVOnH>O (Fig.
S4b,c). However, the addition of NH4F is crucial not only to produce a highly porous
microstructure, but also for adjusting appropriate pH value and concentration of vanadyl
species in aqueous solution during the preparation process (Fig. S5). As a consequence, it can
be seen that some impurity phases can be evidently distinguished from the XRD of a control
sample of O¢-NVOnH20 without the additional NH4F in preparation process (Fig. S6). At this
stage note that the partial occupancy of N sites results in many potential geometry structures
of NVO. Subsequently, the 1x3x1 supercell of NVO was built to eliminate interactions
between images for DFT calculations. We have calculated the total energies of the different
configurations of NHsV4O10 and the structure with the lowest total energy is illustrated in
Figure 1i. Three NH4" forms the N-H...O hydrogen bonds with adjacent O atom. Among them,
two NH4" are close to each other while the third one is far away from them. All three NH4"
locate on different sites but they are close to each other along the (010) orientation (more

discussion in the DFT section).
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Figure 1. SEM images of a) NVO and b) Og-NVOnH20; c) HRTEM of as-obtained Og-

NVOnH;0; d) XRD patterns and e) FTIR spectra of NVO, O¢-NVOnH>O and commercial
V20s; XPS spectra of the f) N 1s region, g) V 2p region and h) O 1s region in NVO, Og¢-
NVOnH;0 and commercial V,0Os, respectively; i) The most stable geometry of NH4V4O1o
supercell calculated by GGA+U functional.

The as-obtained NVO, O¢-NVOnH;0 and commercial V>Os were assembled for the battery
performance evaluation in coin cell configurations. Figure 2a presents galvanostatic
charge/discharge (GCD) profiles of NVO and O¢-NVOnH>O under varied applied current
densities from 0.5 to 14 A g'!. It is clear that the distinct plateaus in the charge/discharge process
can be distinguished in accordance with multiple redox couples of cyclic voltammetry (CV)
curves for different anionic/cathodic reactions (Figure 2b). Additionally, a distinct
electrochemical reaction behavior can be discerned through comparing the GCD profiles and
steady changes of CV profiles in the first three cycles of the batteries, which indicate a

relatively larger specific capacity and higher reversibility of Zn?" intercalation/extraction

achieved in O-NVOTH:O compared to NV} Inicontast, the GV profile of commercial V305



shows a dominant anodic peak around 1.3 V, indicating a different electrochemical process
during Zn>" insertion/extraction (Fig. S7)| A further investigation of long cycle measurements
under a low current density of 0.2 mA g! also exhibited a better performance of O¢-NVOnH20
with a maximum specific capacity of 435 mAh g compared with 405 mAh g of NVO.
Moreover, the cycling stability of O¢-NVOnH20 shows a 92 % capacity retention after 50
cycles charge/discharge process with a corresponding Coulombic efficiency (CE) over 99%. In
contrast, there was 14% decay of capacity in NVO under identical conditions. Comparatively,
the battery using commercial V20Os as the cathode material underwent a long activation process
with a gradual increase of specific capacity from an initial capacity of 109 mAh g™! to 256 mAh
gl after 25 cycles (Fig. S7a). This can be explained via sluggish zinc intercalation kinetics in
commercial V20s electrode existing due to the inadequate interlayer space and shortage of
“lubricants” (lattice water/NH4".>>* The rate performance was evaluated by stepwise increase
in current densities from 0.5 to 14 A g’ and returning to 0.5 A g'! with 10 cycles at each current
density, respectively. Impressively, the O¢-NVOnH>O exhibited superior rate capability in
Figure 2d and reversibility with a capacity of 406 mAh g'! at 0.5 A g'! in the initial first 10
cycles and 175 mAh gl at 14 A g'!, which can be calculated as 43% capacity retained after 28
fold increase of current densities. Additionally, upon returning to 0.5 A g!, the capacity remains
401 mAh g, suggesting a much more robust reversibility compared with many reported
vanadium-based cathodes which showed significant decay after rate cycling tests.?%>1:3%53:34 [n
contrast, NVO illustrates inferior rate performance with a capacity of 382 mAh g' at 0.5 A g’!
and 71 mAh g at 14 A g'!. Thus, there is only 19% capacity retention, revealing aa relatively
larger energy barrier, thus inhibiting fast Zn®" diffusion. Similarly, an unfavorable rate
performance of commercial V205 can be observed in Fig. S7b, in which, the cell suffers from
both low capacity and long activation process. In addition, after 1500 cycling measurements
for both NVO and O¢-NVO~nHO cells under a current density of 10A g'!, the high reversibility
with outstanding capacity retention as presented in Figure 2e was verified. Both NVO and Og-
NVO~H;0 showed negligible capacity fading with a clear determination of a specific capacity
of 244 mAh g at the 1500™ cycle compared with 229 mAh g at the 2™ cycle for Oq-
NVOnH:O cells. Comparatively, 138 mA h g'! and 100 mAh g! was observed for the 1500™

cycle and 2" cycle, respectively, for NVO cells. Moreover, a much longer period of activation
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cycling behavior and low capacity performance were observed for the commercial V,0s cell
under 5A g for 1500 cycles (Fig. S7c). The above results imply that the Og-NVOnH>O
electrode possesses improved reversibility and superior specific capacity, which was
implemented with high current densities during charge/discharge process. This can be
interpreted as facilitated Zn** diffusion kinetics derived from the tailored porous structure and
lattice defects. Meanwhile, the introduction of lattice water and NH4" not only offers a charge
shielding screen to smooth electrostatic interaction between V20s sheets and guest Zn**, but
also contributes to enlarging the bilayer and inhibition of “lattice breathing”.?*-*> The Ragone
plot (Fig. S8) illustrates a high energy density of 288 Wh kg™! and an outstanding power density
of 358 W kg! for the O¢-NVOnH-O electrode, which is superior to previously relted cathodes
such as Cag25V20s.nH,0 (267 Wh kg')*%, Zno25V20s.nH,0 (250 Wh kg)*?, Zn, V207 (166
Wh kg )7, Zn3V207(0H)22H,0 (214 Wh kg')*8, Na3V2(PO4).F:@C (97.5 Wh kg!)*® and
K>Vs02; (222.3 Wh kg ),
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Figure 2. a) Galvanostatic charge/discharge profiles for NVO and O4-NVOnH,O cathodes at
different current densities; b) Cyclic voltammetry plots of NVO and O¢-NVOnH>O at a scan
rate of 0.2 mV s™! for the first three cycles; ¢) Long-cycle charge/discharge measurements of
NVO and O¢-NVOnHO cells under the current density of 0.2 A g''; d) Rate performance
evaluations of NVO and O4-NVONnH>O cells; e) Long-cycle stability of NVO and Oq-
NVO~nH-O cells under the current density of 10 A g

To investigate the inherent cycle-dependent ion transport property within the as-developed
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electrodes, electrochemical impedance spectroscopy (EIS) was carried out to determine the
purely Ohmic resistance (Rs) and charge transfer resistance (R¢) for both initial and after
cycling states. Though analysis of EIS plots in Fig. S9, the summarized results revealed that
both NVO and O¢-NVOnH;0 possessed relatively lower R (0.64 Q and 0.68 Q for NVO and
0O4-NVOnH»O, respectively, Table S1) compared with commercial V205 (Rs =1.93 Q).
Meanwhile, the Rei of O¢-NVONH,0 (Rt = 33.4 Q) at the initial state demonstrated a much
improved charge transport behavior between electrode and electrolyte compared with
assembled NVO (R =128.8 Q) and V205 cells (Ret = 186.2 Q) measured under identical
condition, which verifies a dramatically enhanced interfacial engineering of the O¢-NVOnH>O
materials. Moreover, the Ret of O¢-NVOnH20 (22.5 Q) was still much smaller than both NVO
and commercial V205 (NVO: Ret = 52.6 Q, commercial V20s: R = 128.8 Q) after cycling,
which confirms the excellent ionic diffusion kinetics and electrochemical properties benefitting
from different types of defects and pre-intercalated guest species. Additionally, evaluation of
capacity contributions derived from capacitive and diffusion behavior was investigated for
NVO and O¢-NVOnH20 materials, respectively, as shown in Fig. S10. The quantified CV
profile (Fig. S10a,b) clearly indicated that there is 74% capacitive contribution among all the
current responses at a scan rate of 0.5 mV s in O4-NVOnH>0, which is much higher than that
of NVO (43%) under the same sweep rate (Fig. S10c,d). Similarly, a growing fraction of
capacitive contribution can be observed as the sweep rates is raised from 0.1 to 1 mV s in
both electrodes. Therefore, the predominantly capacitive controlled behaviors of Og-
NVO~NH;O are responsible for its high-rate capability. Further analysis of CV profiles was
carried out by using the following equation: !
i=a\P

The equation above can be rewritten as log(i) =blog(Vv) + log(a), which is used to describe the
relationship between measured peak current (i) and the sweep rate (v) from CV plots. In
particular, the coefficient b reflects capacitive response if the value =1, whereas an absolute
diffusion-controlled kinetic is verified by b-value equal to 0.5, corresponding to a Faradaic
(de)intercalation.®? Therefore, for both materials, three pairs of redox peaks were calculated, as
shown in Fig. S11, and b values of 0.71, 1.01, 1.04, 0.88, 0.76 and 0.75 were found in Og-

NVOnNH>0 implying a prevailed surface-controlled capacitive behavior rather than relatively
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lower b value corresponding to mainly diffusion-controlled redox reactions in NVO electrodes
(b =10.33,0.98, 0.92, 0.62, 0.77 and 0.71, respectively). Moreover, the overpotential gaps of
04¢-NVOnH20 between A1(2) and C1(2) redox pairs at each scan rates were smaller than those
in NVO, which was attributed to a relatively weaker polarization along with a boosted Zn>"
insertion/extraction process in Og-NVOnH2O. In addition to CV analysis of the as-fabricated
batteries, the galvanostatic intermittent titration technique (GITT) measurement was utilized to
acquire Zn>" diffusion coefficients to strengthen the proof of improved kinetics from the
multiscale optimizations in O¢-NVOnH20. The calculated Dzn?" during charge/discharge
process at each state of zinc extraction/insertion states are illustrated in Fig. S12, which clearly
indicate that the Dzn** of Og-NVOnH0 (10%-10” cm?s™!) is higher than that observed in NVO
(10°-10""° ¢cm?s™"). Thus, by determining the kinetic behaviors from the CV analysis, the large
proportion of pseudocapacitive behaviors of O4g-NVOnH2O effectively demonstrates the

feasibility of a promising strategy for improving rate performance and reversibility of cathodes

in AZIBs.
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Figure 3. Ex-situ XPS spectra of a) V 2p, b) Zn 2p and ¢) N 1s at initial, charge/discharge states
of the O4-NVOnH;O0 electrode, respectively; d) XRD patterns of the O¢-NVOnH>O electrode

measured under different charge/discharge states in both 1% and 10" cycles.

The highly reversible zinc (de)intercalation process in terms of crystal structures and chemical
states of Og-NVOnH>O materials were evaluated at varied charge/discharge states via ex-situ
XPS and XRD. Figure 3a shows an obvious reduction of valence states in fully discharged Oq-
NVOnH;0 electrodes through an observation of newly emerging V3 (2ps2: 515.5 eV) and
intensified V4" (2p312: 516.2 eV) components. However, the hybrid V species recovered to their
original states, and were slightly more oxidative for fully charged O4-NVOnH>O electrodes.
The related phenomena are in good accordance with previously reported vanadium based
cathode materials.*>* In addition, the core level spectrum of Zn 2p in Figure 3b clearly shows
that no zinc signal was observed in the pristine cathode. While, a substantive peak (2p 3/:
1022.8 eV) in the Zn 2p spectrum was found in the fully discharged electrode, indicating the
intercalation of Zn?" into the cathodes. After the charge process, the majority of Zn 2p species
were deintercalated from the Og-NVOnH2O, which presents a pair of subtle peaks related to
the Zn 2p sites, consistent with previous studies.®® Figure 3¢ confirms that the NH*" species
always exist in the cathodes at the same peak position (1s: 401.5 eV) regardless of different
states of charge/discharge, which illustrates stable structural support within the bilayers of the

VOx polyhedral network. As a result, the reversible chemical states and anchored NH4" ¢

pillar”
of O¢-NVOnH20 materials at different conditions validated by ex-situ XPS suggests robust
electrochemical properties during the Zn?* insertion/extraction process.

After clarifying various chemical states during insertion/extraction of Zn>" processes, ex-situ
XRD was employed to investigate the crystal phase evolution of O¢-NVOnH>0 under different
charge/discharge states. Figure 3d displays the ex-situ characterized XRD pattern of Og¢-
NVOnH>O cathode at both the 1% and 10™ cycle at 0.5 A g”! with various charge/discharge
states according to the plateaus in the GCD curves. It is noteworthy that there is a second
reversible phase of Zn3V,07(OH),2H>O (JCPDS no. 87-0417, space group: P3ml) only

appearing in the 1% and 10™ discharged states, and likewise observed as weakening diffraction

peaks in subsequently multi-cycled electrodes charged at 0.8 V, which has been also widely
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identified in previous studies of K:Vs021®, VeOi13:nH20* and Cug1V2050.08H,0%.
Additionally, it is seen that, the (001) reflection sites (shown in a magnified 26 region from 2°
to 5°) showed an evidently steady shift to higher 20 value referring to a contraction of d-spacing
from 13.1 to 10.7 A from initial charged state to fully discharged state at the 10™ cycle.
Inversely, the interlayer space expands back to lower 20 and hence suggests a reduced
electrostatic interaction within the bilayers because of the extraction of Zn**.** Hence, the
reversible phase changes in O¢-NVOnH>O cathode further validates a robust cycling
performance and brings an insight into the zinc storage mechanism from the perspective of its
phase evolutions.

To understand the structural difference between Og-NVOnH>0 and NVO, DFT simulations
were adopted to elucidate the formation and relevant properties of oxygen point vacancies in
NVO, and the electrostatic interactions of Zn*" with oxygen ions. For NH4V4O10, one oxygen

was removed from 1x3x1 supercell (NH4)3V24060) to model oxygen point vacancy.

Figure 4. The most stable geometry structure of 1x3x1 NH4V4O19 supercell with labelling of
different oxygens. Ol is a two-coordinate oxygen and O3 only bond with one vanadium. O4 is

three-coordinate oxygen. 02, O5, 06, and O7 have additional hydrogen bonds with NH4",

As the interaction (hydrogen bonds) between NH4" and oxygen is weak compared to chemical
bonds, we choose different oxygens with different coordination numbers and those form

hydrogen bonds with NH4" for defect calculations. Those oxygens are labeled in Figure 4. The
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formation energy of oxygen point vacancies was calculated and listed in Table 1 according to
the equation:
Er= Ewvo woy+1/2E02-Envoy (1)
where Eris the formation energy of oxygen vacancy defects in the NVO supercell. E;) is
the energy of oxygen molecules, Envo voy and Envo) are the energies of NVO with or without

oxygen vacancies.

Table 1. The formation energies of different oxygen point vacancies calculated by GGA+U

functional.

Label Formation energy (eV)

Ol 1.89
02 2.37
03 2.49
04 2.03
05 2.53
06 1.81
o7 1.83

The formation energies range from 1.81~2.53 eV, which indicates that the formation process
of oxygen point vacancies was endothermic. The lowest formation energy corresponding to the
removal of O6 is 1.81 eV. For O7, O1, and O4 sites, the values are 1.83, 1.89, and 2.03 eV,
respectively. These values are close to that of the O6 site. The O6 has one-coordinated
vanadium and one hydrogen bond. The coordination environment of O7 is similar to O6 but it
is close to another NH4", The Ol is coordinated with two vanadium ions. As the similarity of
coordination number and local environments is low for each structure, we calculated the
projected density of states (PDOS) and the total density of states (TDOS) of perfect NVO and
NVO with different oxygen point vacancies to identify the fundamentals of the low defect

formation energy.
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Figure 5. The projected density of states (PDOS) and the total density of states (TDOS) of (a)
perfect NVO and NVO with oxygen point vacancy of (b) O6. The dotted lines denote the Fermi

levels.

As electrons are liberated when an oxygen vacancy is formed, NVO presents n-type
characteristics with oxygen point vacancy. As shown in Figure 5b, the defect states (gap states)
of NVO with O6 site vacancies is closer to the Fermi level than perfect NVO (Figure 5a). The
defect states close to the conduction band minimum (CBM) than perfect in NVO and hence
make it a better donor. Thus, it is easier for electrons to be excited into the conduction band
from the donor level, which increases the electronic conductivity of NVO with oxygen
vacancies. In Fig. S13, it is found that the rest of the TDOS of O1, 04, and O7 sites also have
two peaks (defect states) at around -1~0 eV below the Fermi level. The average defect
formation energy for those with more peaks below the Fermi level is 1.89 eV, while the average
defect formation energy for the rest of oxygen point vacancies (only show one peak at around
0.5 eV) is 2.46 eV. The gap in value is 0.57 eV. When O1, O4, 06, and O7 are extracted, the
TDOS indicates that more vanadium ions are reduced. We also calculated the corresponding

spin densities for perfect NVO and reduced NVO with an oxygen vacancy at the O1, 02, O3,
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04, 05, 06, and O7 sites to verify our explanation as shown in Figure 6. When the spin density
of perfect NVO is used as a reference, it is clear that the oxygen point vacancies of O1, O4,
06, and O7 sites could produce more localized electron than the O2, O3 and OS5 sites. Those
oxygen point vacancies yield localized electrons on the additional two vanadium sites
neighboring the vacancy than perfect NVO, while there is only one vanadium with localized
electrons for 02, O3, and OS5 sites compared with perfect NVO. In summary, when oxygen
point vacancies are formed, those localized electrons stabilize the system and make the total
energy decrease. The O6 vacancy is the most stable oxygen point vacancy because it produces
more localized electrons around it and hence the most likely to take part in the reduction of
NVO. The formation of oxygen point vacancy in NVO decreases the potential electrostatic
attraction with Zn?*. On the other hand, due to the strong electrostatic interaction of Zn?*, the
accumulation of localized electrons also forcefully facilitates the reversible Zn?* de-
intercalation with thermoneutral Gibbs free energy.*® Eventually, these two factors effectively
increase the reversibility of the Zn?* insertion/extraction processes and thus enhance capacity
and rate performance. Therefore, the corresponding DFT results convincingly confirmed the

observations from electrochemical properties shown from the experimental results.

Figure 6. Spin densities for (a) perfect NVO and reduced NVO with an oxygen vacancy at (b)
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01, (c) 02, (d) 03, (e) 04, () OS5, (g) O6 and (h) O7 sites. The isosurface shown is set at 0.01
electrons A3,

Additionally, to investigate the effect of oxygen vacancy in NVO for ion transport performance,
the minimum energy migration pathways and barriers for Zn ions with both perfect and
defective-NVO were investigated by using the CI-NEB method.** Previous study of NVO
found that the diffusion process along the 001 orientation has extremely high energy barrier of
2.89 eV.% So, here the most stable and the metastable insertion sites of Zn ion were chosen for
diffusion path along the 010 orientation and the specific structures are shown in Fig. S14. The
insertion energy of Zn ion in perfect and defective-NVO were calculated and used to determine
the most and metastable insertion site as follows:

Ein = Envo-zn — Envo — Ezn = (2)

Where the Ej;, is the insertion energy of Zn ion, Eyyo_z, 1s the total energy of perfect
and defective-NVO with the insertion of Zn ion. Eyy, is the total energy of perfect and
defective-NVO. E, is the energy of bulk Zn.

Table 2. The insertion energy (Ein) of Zn ion of the most stable, metastable, and those near

defect sites in perfect and defective-NVO.

Label Ein (eV) Label Ein(eV)
Perfect-NVO Defective-NVO

4 1.17 Defect-site 1.10

5 0.71 5 0.70

6 0.98 6 0.85

In Table 2, the defect site in defective-NVO means the insertion site close to the oxygen
vacancy, and the insertion site of 4 in perfect-NVO is similar to the defect site. When comparing
the insertion energy of Zn ion of those insertion sites in perfect and defective-NVO, we found
that oxygen vacancy is favorable for the insertion of Zn ion with lower insertion energy during
intercalation process and the highest value of reduction reach up to 0.13 eV. This agrees with
the opinion of a previous study that it is beneficial to the diffusion process for more smooth

potential energy surface.*? Subsequently, the corresponding minimum energy migration paths

18



prove this in Figure 7. The diffusion barrier in perfect-NVO is 0.82 eV, while the diffusion
barrier in defective-NVO is 0.58 eV. The introduction of oxygen vacancy significantly
decreases the diffusion barrier of Zn ion in defective-NVO.

-533.25 T T T T T -528.5

e (a) 0.82 & (b) 0.58
< N < ,._'\
= ! A = -
/ -533.55 5290 ’ S 1
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Figure 7. The diffusion barrier and minimum energy migration path of Zn ion in (a) perfect-
NVO and (b) defective-NVO. The blue, red, green, fuchsia and light pink spheres represent
V, O, N, Zn, and H, respectively.

Conclusion

Through defects engineering from inducing cation, interlayer water and anionic vacancies
within vanadium bronze materials, we successfully delivered a proof-of-concept demonstration
on designing high-performance cathode materials for AZIBs. The tailored O4-NVOnH2O
cathode achieved a high specific capacity of 435 mAh g' at 0.2 A g'!, and 244 mAh g at 10
A g after 1500 cycles with negligible capacity decay. In particular, an extraordinary rate
capability of 43% capacity retention after a 28 folds increase of current densities from 0.5 A g’
"'to 14 A g! was attained. Additionally, the corresponding electrochemical properties were
comprehensively evaluated by ex-situ characterizations and DFT simulations, which revealed
encouraging Zn*>* kinetics and superior reversibility embodied with a transformation of
capacitive-dominated energy storage behavior compared with pristine NVO cathodes. Indeed,
the DFT results adequately elaborated different possibilities for oxygen-deficient sites and their
contributions to facilitate Zn** diffusion properties. Meanwhile, the calculated density of states
also suggested improved conductivity for O¢-NVOnH>0. Hence, inducing multitype defects

offers a feasible avenue to regulate the electronic structures and microstructures of vanadium-
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based cathodes towards advanced energy storage applications
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