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A B S T R A C T   

Layered metal vanadates have been extensively investigated for aqueous zinc-ion batteries (AZIBs) due to their 
low cost, crystal structure, and a wide diversity of vanadium valence states. However, research on the number of 
cationic pre-intercalation layers is almost empty and the effect of Al atomic numbers in H11Al2V6O23.2 (HAVO) 
on the diffusion path has not been studied even more. The systematic investigation into pre-intercalated ions in 
electrode materials is fundamental but vital for the further development of high-performance batteries of both 
the point of academic and industry. In this contribution, we designed and synthesized HAVO with four different 
layer spacings by simply modulating aluminum content for the first time and combined a range of ex-situ and in- 
situ complementary techniques to reveal the reaction mechanism of zinc ion storage and its intrinsic relationship 
with electrochemical performance. The “pillar” effects of stable Al3+ between the interlayers protects the 
laminate structures from collapse during electrochemical process and effectively widens the layer spacing at the 
same time. However, based on experiments and calculations we have demonstrated that the appropriate 
aluminum content can significantly improve the electrochemical properties of the material, while excessive ion 
intercalation can block the zinc ions diffusion channels. As a result, HAVO with a suitable Al atomic number 
displays extraordinary electrochemical performance. This work provides further insights into the design and 
construction of cathodes for pre-inserted ion batteries, and facilitates the exploitation of low-cost and high-safety 
cathodes.   

1. Introduction 

Rechargeable aqueous zinc-ion batteries (AZIBs) are very prospec-
tive in exploring alternative rechargeable storage devices to lithium-ion 
due to emerging, economic and practical factors [1–4]. Rechargeable 
AZIBs have gained widespread interest due to the distinctive virtues of 
Zn, comprising highly theoretical capacity (820 mA h g − 1 and 5855 mA 
h cm− 3), lower redox potential (− 0.76 V versus typical hydrogen elec-
trodes), environmental safety, high reliability in water, simplicity of 
handling, non-toxicity, low cost, and abundance of resources [5–8]. 
These merits make the exploitation of the AZIBs a global priority and 
offer a prospective candidature for massive electrical energy storage. 
Yet, the rate capability, specific capacity, and cycling stability are 
limited by the cathode material [9,10]. The quest for cathode materials 

with a stable structure is thus imperative but the central theme to be 
addressed. 

Over the last decades, there has been a growing trend of concern for 
Vanadium based compounds, notably vanadium oxides, as cathode 
candidates for progressing secondary batteries, given their reduced cost, 
varying crystal structure, and wide diversity of vanadium valence states 
[6,11–14]. Since hundreds of V-based types of materials with different 
layers or tunnel spacings have been identified, they are highly suitable 
as preferred candidates. Further researches into vanadium-based cath-
ode materials for ZIBs have been prompted by recent advances in VO2 
[15], V2O5 [16], V2O5⋅nH2O [17], VOPO4⋅2H2O [18], Ca0.25V2O5⋅nH2O 
[19], K2V8O21 [20], Na2V6O16⋅1⋅63H2O [2], (NH4)2V3O8 [21], 
NH4V4O10 [22], and VS2 [23]. 

Even though considerable efforts have been made with vanadium- 
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based materials for AZIBs, the rational design is still in the infancy and 
further research is necessary to upgrade all facets of their performance. 
Early studies have revealed that decreasing particle size and modifying 
the morphology of electrode materials can remarkably enhance their 
cycling stability and rate capability in AZIBs and other battery systems 
[24]. The ion pre-intercalation strategy is an effective method of 
increasing diffusion channels, facilitating the intercalation of zinc ions 
and improving electrochemical kinetics and rate performance. 
Aluminum is the most metal-rich element in the Earth’s crust (8.3% of 
the surface) and has the advantage of being less costly (~1.4 USD kg− 1) 
and less toxic than transition metals [12]. In addition, trivalent Al3+

forms stable Al-O bonds between O atoms with a lattice energy of 15, 
111 kJ mol− 1, significantly higher than Na-O (2478 kJ mol− 1), K-O 
(2232 kJ mol− 1), and Ca-O (3401 kJ mol− 1) [25]. Contrary to transition 
metal ions, the empty d orbitals and stabilized value state of Al 3p 
reduce Coulombic interactions with the guest ion during cycling. During 
repeated insertion/extraction of Zn2+, the structure of V2O5 tends to 
collapse, leading to a rapid decay of its capacity, and therefore stabili-
zation is more pronounced when Al3+ is pre-inserted into V2O5. The 
introduction to metal ions has become the main strategy to solve this 
problem, which involves an increase in the layer spacing. Nevertheless, 
the altering of hydrogen aluminum vanadium oxide interlayer spacing 
using Al ions has rarely been investigated, and studying the impact on 
aluminum content of HAVOs on the performance of AZIBs has never 
been explored, and the mechanism of zinc storage in HAVO is unclear. 

To explore the effect of the number of cationic pre-inserted layers on 
the electrochemical performance of vanadium oxides, we prepared 
HAVOs with different numbers of pre-inserted Al3+ and tested their 
cycling and rate behavior, using a common layered vanadium oxide as a 
model for aluminum insertion. In this contribution, we designed and 
constructed HAVOs with different sizes, morphologies, and (001) crystal 

plane lattice spacings using a simple hydrothermal synthesis method by 
adjusting the aluminum content for the first time. The inclusion of Al3+

provides enhanced structural stability and electronic conductivity of the 
samples. And on the basis of experimental analysis and theoretical cal-
culations, the effect of different aluminum content on its zinc storage 
performance was systematically studied. The HAVO prepared with 
suitable aluminum content presented excellent electrochemical prop-
erties, consisting of a significantly larger specific capacity (416.3 mA h g 
− 1 at 300 mA g − 1), better rate performance (138.9 mA h g − 1 at 5000 
mA g − 1) and greater cycling stability (148.1 mA h g − 1 capacity 
remaining after 10,000 cycles at 3000 mA g − 1) than other aluminum 
content HAVOs. Furthermore, a series of ex-situ and in-situ comple-
mentary techniques such as X-ray diffraction (XRD), Raman spectra, 
Fourier transform infrared (FTIR) for in-situ characterization and X-ray 
photoelectron spectroscopy (XPS), high-resolution transmission electron 
microscopy (HRTEM) for ex-situ characterization and in-situ electro-
chemical impedance spectroscopy (EIS) were adopted to reveal the 
mechanism of Zn2+ storage. 

2. Results and discussion 

Based on the inductively coupled plasma (ICP) results (Table S1), the 
Al content increases sequentially, which is consistent with the aluminum 
source ratio increasing during synthesis. The as-prepared HAVOs with 
different aluminum contents, named HAVO-10.1, HAVO-11.0, HAVO- 
11.3, and HAVO-12.5 according to the Al atomic number. The crystal 
structures of HAVO-10.1, HAVO-11.0, HAVO-11.3, and HAVO-12.5 are 
first shown, as presented in Fig. 1a. All the peaks of the plots are well- 
matched with the phase of H11Al2V6O23.2 monoclinic crystal structure 
(Lattice parameters: a = 11.14 Å, b = 3.62 Å, c = 13.29 Å, α=90.0, 
β=90.7, γ=90.0, JCPDS card no. 49–0693). The strong peaks at 7.00◦, 

Fig. 1. (a) Powder XRD patterns, (b) enlargement of selected regions, and (c) FTIR spectra of HAVOs. (d) TEM image of HAVO-10.1, (h) HAADF-STEM image and 
corresponding Al, V, O element mapping. (e) TEM image of HAVO-11.0, (i) HAADF-STEM image and EDS mapping image. (f) TEM image, (j) HAADF-STEM image 
and EDS mapping image of HAVO-11.3. (g) TEM image of HAVO-12.5, (k) HAADF-STEM image and EDS mapping image. 
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6.60◦, 6.68◦, and 6.72◦ of HAVOs in Fig. 1b correspond to the (001) 
crystal plane with lattice spacings calculated from Bragg’s law of 12.68 
Å, 13.26 Å, 13.12 Å, and 13.11 Å. This is approximately three times 
larger than pristine V2O5 (4.4 Å, JCPDS no. 41–1426) than any other 
previously reported vanadium-based cathodes [26,27]. Large interlayer 
spacing of the (001) plane is achieved by the addition of Al3+ to the 
layered structure of vanadium oxide [28–30]. In the Raman spectra 
(Figure S1), HAVOs exhibit a comparable spectrum to that of V2O5 [31]. 
Figure S2 shows a partial Raman fit of HAVO-11.0, where the fitted peak 
at 644 cm− 1 corresponds to an Al-O bond, indicating the formation of a 
strong chemical bond between the Al and O atoms rather than a weak 
interaction [32,33]. 

Thermogravimetric analysis (TGA) curves (Figure S3) were 
employed to investigate the water content of HAVOs. The weight of 
HAVOs continued to decrease with increasing temperature until it 
arrived at approximately 400 ◦C, after which it remained almost con-
stant. The weight losses between room temperature and 400 ◦C for 
HAVO-10.1, HAVO-11.0, HAVO-11.3, and HAVO-12.5 were 19.8%, 
11.4%, 11.6% and 12.2%. The water content in HAVO-10.1 was higher 
than in the other three HAVOs. The presence of the Al-O bonds is evi-
denced by the 1402 cm− 1 peak in the FTIR spectra of HAVOs (Fig. 1c) 
[34]. The other peaks are similar to those found in the FTIR spectrum of 
V2O5⋅nH2O, with peaks at 1003, 762, and 527 cm− 1 allocated to 

symmetric stretching vibrations of V = O, and asymmetric and sym-
metric stretching vibrations of V-O-V [35,36]. The broad peak at 3421 
cm− 1 and peak at 1623 cm− 1 confirm the presence of interlayer water 
molecules. Figure S4 shows the nitrogen adsorption-desorption iso-
therms for HAVOs. The Brunauer-Emmett-Teller (BET) surface areas for 
HAVO-10.1, HAVO-11.0, HAVO-11.3, and HAVO-12.5 are 209, 365, 
270, and 227 m2 g − 1 respectively. From the pore size distribution 
curves (Figure S5), the average mesoporous pore sizes of HAVO-10.1, 
HAVO-11.0, HAVO-11.3, and HAVO-12.5 for desorption were 8.45 
nm, 6.35 nm, 7.09 nm, and 7.96 nm, respectively. 

Scanning electron microscopy (SEM) (Figure S6) and transmission 
electron microscopy (TEM) (Fig. 1d-g) images show that these obtained 
HAVOs have a relatively homogeneous and refined morphology. In 
addition, the XPS spectrum was used to determine the bonding structure 
of HAVOs. The full XPS spectra (Figure S7) shows the characteristic 
bands of Al, C, V, and O in HAVOs. The ratio of Al 2p in HAVO-10.1, 
HAVO-11.0, HAVO-11.3, and HAVO-12.5 was determined to be 
1:9.45:18.96:28.06 by assessing the integrated area in the spectra. The 
area of Al 2p increases as the number of Al atoms increases. Figure S8 
exhibits the high-resolution V 2p spectra of HAVOs, for HAVO-11.0 
the peaks at 517.7 and 525.1 eV respond to 2p3/2 and 2p1/2 of V5+. In 
the addition, the V4+ peaks at 516.1, and 523.9 eV indicate the pro-
duction of the lower valence state of V. The presence of mixed valence 

Fig. 2. (a) The first three CV curves of HAVO-11.0. (b) Rate capabilities of HAVOs. (c) Charge-discharge curves of HAVO-11.0. Cycling performances tested of 
HAVOs at (d) 1000 and (e) 5000 mA g − 1. (f) A comparison of the capacitive contribution at different Al atomic numbers of HAVOs. 
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states in HAVO-11.0 can effectively enhance the intrinsic electronic 
conductivity [37]. Fig. S9 presents the high-resolution O 1 s spectra of 
HAVOs, and for HAVO-11.0 the resolving peaks of the O 1 s spectra can 
be analyzed down to 530.3, 531.5, and 532.9 eV. The band at 530.3 eV is 
owing to O2− bound to vanadium, the peak at 531.5 eV is due to OH− , 
and the small peak at 532.9 eV is attributed to crystal water [6,38]. 

First, cyclic voltammetry (CV) measurements were performed on 
HAVO-11.0 at 0.2 mV s − 1 over a potential range of 0.4 to 1.6 V in AZIBs 
(Fig. 2a). The first three CV curves of HAVO-11.0 were similar, with 
three pairs of redox peaks observed. In detail, two pairs of relatively 
distinct reversible redox peaks correspond to the changes in oxidation- 
state of V from V5+ to V4+ (0.95/0.91 V) and V4+ to V3+ (0.67/0.69 
V), demonstrating a multistep (de)intercalation of Zn2+, which is com-
mon in other vanadium-based cathodes [17,28]. The voltage plateaus in 
the first three charge/discharge curves agree well with the redox peaks 
in the CV curve (Figure S10). In a comparison of the rate performance 
shown in Fig. 2b, HAVO-11.0 came out on top of the four samples with 
reversible discharge specific capacities of 416.3, 371.3, 344.3, 312.8, 
245.6, 197.5, 165.6, and 138.9 mA h g − 1 at 300, 500, 700, 1000, 2000, 
3000, 4000, and 5000 mA g − 1, respectively. When returning to 1000 
mA g − 1, the discharge specific capacity is 301.4 mA h g − 1. The cor-
responding rate performance of the discharge/charge curves implicate 
ultra-fast Zn2+ storage and low polarization of HAVO-11.0 (Fig. 2c). 
When tested at 300 mA g − 1, HAVO-11.0 has an even higher reversible 
discharge specific capacity of 416.3 mA h g − 1 than HAVO-10.1, 
HAVO-11.3, and HAVO-12.5 (304.9, 297.9, and 282.3 mA h g − 1). 

In particular, the HAVO-11.0 electrode also revealed excellent long 
cycle stability, retaining a specific capacity for 252.9 mA h g − 1 even 
after 3000 cycles at 1000 mA g − 1 (Figs. 2d and S11). In contrast, the 

HAVO-12.5 electrode showed rapid capacity decay, from 171.7 mA h g 
− 1 to 82.8 mA h g − 1 after 1100 cycles. In meantime, the cycling per-
formance of HAVOs were also studied at 3000 (Figure S12) and 5000 mA 
g − 1 (Fig. 2e). In particular, for HAVO-11.0, high reversible specific 
capacities of 148.1 and 138.9 mA h g − 1 are maintained after 10,000 
cycles at 3000 and 5000 mA g − 1 (Figure S13 and S14), confirming its 
outstanding long-term cycling stability under typical battery operating 
conditions. As shown in Figures S15–17, the other three HAVOs exhibit 
more pronounced capacity decay after a long cycle. The capacitive 
contribution of HAVOs at different Al atomic numbers is summarized in 
Fig. 2f. HAVO-11.0 shows rapid Zn2+ storage and excellent long-term 
cycling stability, which is mostly ascribed to the interlayer structure 
with suitable aluminum ion concentration [39,40]. The large capacity, 
long-cycling stability and superior rate performance of HAVO-11.0 
demonstrate that HAVO-11.0 is a promising candidate cathode for 
AZIBs. 

In addition, to achieve a better understanding of the underlying 
reasons behind the excellent cyclability with good rate performance of 
HAVO-11.0, CV curves Fig. 3a) were measured for different sweep rates 
and a detailed kinetic analysis was carried out. In previous reports, the 
correlation of current (i) and scan rate (v) was presented by formula ((1) 
[41]: 

i = avb (1) 

The b value can represent the rate-limiting step in the process of 
electrochemistry and therefore the charging storage mechanism. The 
equation is transformed so that the value of b is strongly reliant on the 
value of the slope of the log(i)-log(v) plot (Fig. 3b). The b values for the a 
and aʼ peaks of HAVO-11.0 were evaluated as 0.98 and 0.86 for scan 

Fig. 3. (a) CV curves of HAVO-11.0 at different scan rates. (b) The plots of log (peak current) versus log (sweep rate) at each peak from CV curves of HAVO-11.0. (c) 
Comparison of cycling performance with other V-based cathodes. (d) Ragone plots of HAVO-11.0 and other representative cathode materials for AZIBs. 
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rates from 0.2 to 1.0 mV s − 1. Values of b of 0.5 denote diffusion- 
controlled process, whereas b values of 1.0 indicate surface-controlled 
processes. This phenomenon suggests that HAVO-11.0 has an ultra- 
fast and surface-controlled kinetics with typical capacitive properties. 
The CV curves and corresponding log(i)-log(v) curves for other HAVO 
samples are presented in Figures S18, S19, and S20. 

Benefitting from the correct metal ion concentration-dependent 
properties described above, it is evident that the rate-capacity of 
HAVO-11.0 exceeds that of most previously reported V-based cathodes, 
including Na2V6O16⋅1⋅63H2O [2], Zn3V2O7(OH)2⋅2H2O[14], VO2 [15], 
K2V8O21 [20], (NH4)2V10O25⋅8H2O[27], H11Al2V6O23.2 [30], and 
(NH4)2V3O8/C [21], illustrating the significance and importance of this 
work (Fig. 3c). Subsequently, the HAVO-11.0 achieves a high energy 
density of 307.4 W h kg− 1 at a power density of 220.1 W kg− 1 owing of 
its high specific capacity and voltage platform, which compares 
favourably with many reported cathode materials such as δ-CaVO [42], 
VOH [43], ZnHCF [44], Zn3V2O7(OH)2⋅2H2O [14], PANI-VOH [45], 
β-AgVO3 [46], and NH4V4O10[47] (Fig. 3d) with a clear advantage. 

To study the zinc ion storage mechanism of the HAVO-11.0 cathode, 
we performed ex-situ (Fig. 4a) and in-situ (Fig. 4b) XRD experiments on 
the HAVO-11.0 cathode. The ex-situ XRD experiments we carried out at 
different charge-discharge states to investigate its structural evolution. 
Apparently in the range of 10◦ to 80◦, the characteristic peaks of HAVO- 
11.0 were not significantly shifted at different states and no new 
diffraction peaks were detected, only changes in peak intensity (more 
pronounced in Fig. 4b), indicating a well-preserved lamellar structure. 
The peaks intensity varied regularly as charging and discharging pro-
gressed. A phase shift in HAVO-11.0 was found by detailed observation 
of the (001) peak before 10◦ During the discharge, the (001) peak shifts 
slightly to a higher 2θ position when the Zn2+ ions are inserted and the 
interlayer distance is contracted. This contraction is attributed to the 

insertion of the Zn2+ into HAVO-11.0 when its water molecules come 
off. As charging proceeds, the (001) peak is shifted towards the lower 2θ 
position and when Zn2+ is completely delaminated and the water mol-
ecules are re-inserted, the XRD pattern of the electrode is quite com-
parable to that of the pristine electrode. This demonstrates that the (de) 
intercalation of Zn2+ in HAVO-11.0 is highly reversible and confirms the 
Zn2+ intercalation reaction mechanism. Water molecules are believed to 
play a crucial role in this process, including a buffer to the high charge 
density of Zn2+, a reduction in the activation energy of charge transfer, 
and an alteration of the lamellar corridor to allow Zn2+ entry/exit [1, 
48]. 

Fig. 4c shows the in-situ FTIR spectra of the HAVO-11.0 electrode in 
different electrochemical states. Apart from a more pronounced shift of 
the peak at 3421 cm− 1 (which belongs to O–H stretching vibration), 
there is no significant shift of other peaks, indicating that the molecular 
structure remains unchanged during the electrochemical process [49]. 
In other words, these inorganic components are very stable during 
cycling and conducive to long cycle performance. For the second 
discharge, the peak at 3470 cm− 1 is clearly observed to be shifted to a 
higher wavenumber and gradually weakened, while during charging the 
peak at 3439 cm− 1 is shifted to a lower wavenumber and gradually 
intensified, which is consistent with the 001 peak shift during the 
insertion and extraction of water molecules in ex-situ XRD. 

Furthermore, in-situ Raman spectra have driven further in-depth 
research into the reaction mechanism of the HAVO-11.0 electrode dur-
ing the electrochemical process (Fig. 4d). The Raman characteristic 
peaks at 267, 513, and 700 cm− 1 originate from V-O-V vibrations, while 
Raman bands located 95 and 161 cm− 1 are designated as lattice vibra-
tions [39,40,50]. At the first charge to 1.6 V, the Zn2+ ions are removed 
from the HAVO-11.0 electrode and peaks at 95, 161, 267, 513, and 700 
cm− 1 appear. During the subsequent discharge process, the Zn2+ ions are 

Fig. 4. (a) Ex-situ and (b) in-situ XRD patterns, (c) in-situ FTIR spectra, (d) in-situ Raman spectra of HAVO-11.0 electrode. Ex-situ HRTEM images of HAVO-11.0 
electrode (e) in pristine, (f) fully discharged and (g) charged states. 
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intercalated in the HAVO-11.0 electrode and these characteristic peaks 
disappear again and no new peaks are generated. Subsequently, the 
characteristic peaks appear again until the next charge at 1.6 V. As ex-
pected, the regular disappearance or appearance of these characteristic 
Raman peaks indicates a completely reversible behavior of the electro-
chemical reaction, which suggests a good reversibility of the Zn2+

insertion/extraction. This reversible behavior is also in agreement with 
the in-situ XRD and in-situ FTIR results. Additionally, there is no signif-
icant shift in the position of these peaks during the different electro-
chemical processes, only a change in intensity. 

To have a further insight into the electrochemical behaviors of the 
HAVO-11.0, in-situ EIS study was carried out as shown in Figure S21 and 
Figure S22. During first cycle of discharge, when the discharge voltage 
dropped to around 0.95 V (at the end of the first plateau), the semicircle 
in the low frequency region changed significantly and the impedance 
reached its lowest level. As the depth of discharge proceeds a second 
plateau appears, at which point the impedance gradually increases, 
evolving in a V-shape, and at the latter period of discharge the curve 
appears to return to its original state (the uncycled state, black line in 
Figure S21), but notably not exactly the same. These results show that 
the charge transfer resistance (Rct) is concerned in the content of Zn2+ in 
the active material, the more Zn2+, the smaller Rct [51]. The trend of the 
impedance curve is reversed during the charging phase of the first cycle, 
when charging reaches 1 V (the first plateau appears) and a distinct 
semicircle appears in the low frequency region, indicating that the 
voltage plateau is the inflection point for the resistance change of the 
HAVO-11.0. The Rct of HAVO-11.0 appears gradually during discharge 
and then increases and disappears during charging. 

The electrochemical mechanism of the Zn2+ (de)intercalation pro-
cess of the HAVO-11.0 was investigated using ex-situ XPS spectra. No 
zinc signal could be detected in the XPS spectrum of the pristine HAVO- 
11.0 electrode (Figure S23), when HAVO-11.0 electrode was discharged, 
two distinct peaks at 1022.7 and 1045.8 eV appeared for Zn 2p3/2 and Zn 
2p1/2, meaning the successful insertion of Zn2+ into the HAVO-11.0 
electrode. Even though not all zinc ions are removed after charging, 
the residual Zn2+ acting as interlayer pillars maintains the stability of 
the laminate structure. In the ex-situ XPS spectra of V 2p in the pristine 
state (Figure S24), there are four peaks at 517.7, 525.2, 516.4, and 
523.3 eV that can be decomposed, corresponding to the dominant V5+

and a small fraction of V4+, respectively. Compared to the pristine state, 
when the HAVO-11.0 electrode is discharged to 0.4 V, there is V3+

components at 516.3 and 522.7 eV, while the intensity of V4+ (517.7 and 
524.3 eV) is significantly enhanced and that of V5+ (518.2 and 525.5 eV) 
is significantly reduced, indicating that during Zn2+ intercalation pro-
cess, the V5+ (V4+) is partially reduced to V4+ (V3+). When charged to 
1.6 V, the V5+ and V4+ signals to reappear and the intensity and position 
of the peaks largely return to their initial state. The XPS results 
confirmed the reversible (de)intercalation of Zn2+ during the discharg-
ing and charging of HAVO-11.0. For a deeper insight into the reversible 
Zn2+ storage mechanism, ex-situ HRTEM measurements were carried out 
on HAVO-11.0 electrode (Fig. 4e-g). During the discharge process, zinc 
ions are intercalated and water molecules are deintercalated, leading to 
a reduction in interlayer distances. During the charging process, zinc 
ions are taken off and water molecules are intercalated, and the inter-
layer distance rises back to 13.3 Å (corresponds to the (001) plane), 
which is the same as the interlayer distance of the pristine electrode. 

Based on these results, the whole electrochemical of the Zn/HAVO- 
11.0 cell could be presented by: 

Anode : Zn ↔ Zn2+ + 2e−

Cathode : H11Al2V6O23.2 + xZn2+ + 2xe− ↔ ZnxH11Al2V6O23.2 

In addition, to gain insight into the kinetics of Zn2+ diffusion in the 
HAVO-11.0 electrode, galvanostatic intermittent titration technique 
(GITT) was performed to analyze chemical diffusion coefficient of Zn2+

during discharge, and the GITT curves are shown in Figure S25. The DZn 

can be obtained from the following formula (2) [52]: 

D =
4
πτ

(
mBVM

MBS

)2(ΔES

ΔEτ

)2

(2)  

where τ, mB, VM, MB, and S are the constant current pulse time, the mass, 
the molar volume of the material, the molecular weight and the elec-
trode/electrolyte contact area, respectively. ΔES is the voltage difference 
during the open circuit and ΔEτ is the total change in cell voltage during 
the constant current pulse. The Zn2+ diffusion coefficient of HAVO-11.0 
was calculated to be 10− 10 to 10− 9 cm2 s − 1. This result suggests that 
HAVO-11.0 allows for rapid Zn2+ migration, leading to long-period 
stability and excellent rate performance. 

The experimental observation is fully confirmed by the density 
functional theory (DFT) calculations (The detailed calculation method is 
presented in the supporting information). The mole ratios of the Al to V 
of the samples HAVO-10.1, HAVO-11.0, HAVO-11.3, and HAVO-12.5 
are 0.1670, 0.1818, 0.1867, and 0.2078 (10.1, 11.0, 11.3, and 12.5 Al 
ions in the bulk structure) individually. To adequately match the 
experiment, we investigate the microstructural evolution and behavior 
of Zn in the HAVO where the number of Al ions from 9 to 13 in the bulk. 

As presented in Fig. 5a, with the insertion of Al3+, the layer spacing 
of VO shows a trend of first increasing and then decreasing. Among 
them, the layer spacing reaches the maximum when 11 aluminum ions 
are intercalated. At this time, the insertion and the desertion of the Zn2+

will be the smoothest and cause the least damage towards the structure, 
which effectively ensures the long cycling stability. The transport rate of 
the Zn2+ in the cathode is also the major factor affecting the overall 
performance of the batteries. To deeply understand the migration 
behavior of the Zn2+ in the cathode, we also take a series of calculations. 
Two migration paths, path-A and path-B, have been colorfully demon-
strated in Fig. 5b. When the doping number of Al3+ approach 11, the 
Zn2+ migrate along Path-A. With the insertion of Al3+, the larger layer 
spacing makes the migration of Zn2+ smoother. However, when the 
number of intercalated Al3+ reaches 12, Path A is completely blocked 
and Zn2+ can only migrate through Path-B (Fig. 5c). At this point, the 
migration barrier becomes instantly larger (Fig. 5d). The results of the 
first-principles simulations are in full agreement with the long-cycle 
results measured in the experiments. Our experiments and calculations 
fully validate that the pre-insertion ions can act as a pillar to expand the 
layer spacing and improve the stability of the structure during the long- 
cycling test. However, too many pre-inserted ions will not only occupy 
the Zn2+ insertion sites and then reduce the capacity of the material, but 
will also block the zinc ion transport channels and reduce the rate per-
formance of the material. 

3. Conclusion 

In summary, we purposefully constructed HAVOs with different Al 
atomic numbers for the first time by a one-step hydrothermal method, 
and systematically investigated the effect of different Al atomic numbers 
on its zinc storage performance and revealed the zinc storage mecha-
nism. The obtained electrochemical performance of HAVO-11.0 is 
considerably enhanced, mainly due to the short electron/ion transport 
length, high electron conductivity, wide specific surface area, and 
structural stability, along with improved charge transfer properties and 
ion diffusion kinetics with the help of crystal water. The HAVO-11.0 
delivers a high specific capacity (416.3 mA h g − 1 at 300 mA g − 1), 
excellent cycling stability (148.1 mA h g − 1 capacity remaining after 
10,000 cycles at 3000 mA g − 1) and outstanding rate capability (138.9 
mA h g − 1 at 5000 mA g − 1) when used in AZIBs. Furthermore, based on 
crystal structure analysis, electrochemical tests and DFT calculations, 
we conclude that proper insertion of Al3+ into the permissive structure 
can effectively widen the layer spacing and thus surmount the cycling 
and rate limitations of HAVOs, but not in greater amounts, as excess Al3+

can block the diffusion channels of zinc ions, altering the diffusion path 
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and thus reducing the rate performance. These findings may provide 
some inspiration for researchers in designing and exploring more 
promising cathode materials for AZIBs for more advanced energy- 
related applications. 

4. Experimental section 

4.1. Fabrication of HAVOs 

A rapid and adjustable hydrothermal method was used to synthesis 
highly homogeneous HAVOs. First, NH4VO3 (468 mg) was dispersed in 
deionized (DI) water with Pluronic® F127 (468 mg) under magnetic 
stirring at 60 ◦C and hydrochloric acid was added until the solution 
pH=2.5. Then, a certain amount of AlCl3 (533 mg AlCl3 corresponding 
to HAVO-10.1, 800 mg AlCl3 to HAVO-11.0, 1334 mg AlCl3 to HAVO- 
11.3 and 2134 mg AlCl3 to HAVO-12.5) were added to the above solu-
tion and transferred to an autoclave for 10 h at 160 ◦C. After centrifu-
gation, washing with DI water and ethanol and drying, HAVOs are 
obtained. 

4.2. Electrochemical characterization 

CR2016 coin cells were assembled by sandwiching a Grade GF/D 
Whatman glass microfiber filter filled with the electrolyte (Zn(CF3SO3)2 
aqueous solution) between the prepared cathode and the zinc foil anode. 
The working electrode was composed of 70 wt% active material, 20 wt% 
acetylene black and 10 wt% polyvinylidene fluoride (PVDF). Galvano-
static discharge/charge tests were performed using a Neware battery 
test system (CT-4008T-5V10mA-164, Shenzhen China). Galvanostatic 
intermittent titration technique (GITT) curve was recorded at a multi-
channel battery testing system (LAND CT2001A). Electrochemical 
impedance spectroscopy (EIS) and cyclic voltammetry (CV) measure-
ments were conducted with an Auto lab PGSTAT302 N. 
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