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A B S T R A C T   

Mesoporous anatase TiO2 spheres (MATS) are elaborated via microwave-assisted rapid crystallization of hydrous 
TiO2 colloidal spheres (HTCS) self-template. Tuning the hydrothermal and calcination temperatures allow for 
textural property-controllable synthesis. The optimal MATS are demonstrated as a promising cathode material of 
aluminium-ion batteries (AIBs) and show superior rate and capacity performances. Their large surface area and 
porous structure offer a robust and interconnected scaffold for Al3+ insertion/exertion with higher reversibility. 
The constructed non-aqueous AIBs with RTILs electrolyte deliver the highest initial capacity of 145.3 mA h g− 1 at 
0.2C with high Coulombic efficiency of ≈ 96.5%, and a reversible capacity of 78.0 mA h g− 1 at 1C can be 
retained after 200 cycles with high Coulombic efficiency of ≈ 98.6%. Our study on the Al storage mechanism 
further shows the charge/discharge process involves the extraction/insertion of Al species (Al3+, AlCl4− , Al2Cl7− , 
etc.) into the TiO2 crystal lattices with the formation of intermediate aluminium titanium oxides (Al2Ti7O15 and 
Al2TiO5) and non-oxides (Ti(AlCl4)2 and Ti(ClO4)4). The continuous enrichment of the latter during cycling 
greatly deteriorates the reversibility of AIBs.   

1. Introduction 

With the evolving energy demand, lithium-ion batteries (LIBs) have 
achieved unprecedented developments in the past two decades [1–3]. 
However, the limited lithium resource and the high cost of raw lithium 
materials motivate the research progress of other multivalent-ion bat-
teries (MIBs) [4–8]. Among various MIBs, aluminium-ion batteries 
(AIBs) are an appealing candidate for stationary energy storage due to 
their cost-efficient, high safety, and environmental friendliness [9–11]. 
Due to the three-electron transfer during the cyclic process, AIBs can 
exhibit high volumetric and gravimetric capacities (8046 mA h cm− 3 vs. 
2062 mA h cm− 3 for LIBs and 2980 mA h g− 1 vs. 3861 mA h g− 1 for LIBs) 
[12]. And the facile electrodeposition/stripping process of Al metal in 
room temperature ionic liquids (RTILs) determines that it can be directly 
utilized as anode for non-aqueous aluminium ion batteries (NAIBs) in 
the form of a metallic foil [13,14]. However, contrary to monovalent 
such as Li+, Na+, and K+, it is difficult for Al3+ to embed or escape in the 

host cathode materials because of the strong Coulombic interaction 
derived from high valence state and small radius (0.59 Å) bonding with 
anions [15]. 

Up to now, various energy materials have been studied as such as 
carbon [16–18], transition metal oxides [19,20], sulfides [21–23], sel-
enides [24,25], tellurides [26], Prussian blue analogs [27], polyanion 
compounds [28], covalent organic frameworks (COFs) [29], 2D carbides 
and nitrides (Mxenes) [30], and organic polymer [31], of which TiO2 is 
particularly interesting owing to its low cost, environmental benignity, 
excellent corrosion resistance, and high specific capacity [32–35]. The 
pioneering efforts were devoted to the aqueous AIBs (AAIBs) [36]. 
Porous TiO2 nanotubes have been demonstrated efficient insertion/ 
extraction of small radius steric effect of Al3+ [37,38], and the under-
lying reversible phase transitions from TiO2 to aluminium titanate 
(Al2TiO5) through ex-situ XRD technology during the cycling process 
were reported in the AAIBs [39]. These studies showed the validity of 
TiO2 cathodes for AAIBs, but their electrochemical performance is 
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generally inferior [40]. Inevitable self-discharge, poor capacity, and low 
working voltage are widely present in the fabricated AAIBs. 

Alternatively, non-aqueous AIBs (NAIBs) show promises in 
improving the Al ion storage properties, in which the most employed 
electrolyte is room-temperature ionic liquids (RTILs), such as AlCl3/ 
[EMIm]Cl (1-Ethyl-3-methylimidazolium chloride) [41], AlCl3/urea 
[42], AlCl3/acetamide [43], AlCl3/trimethylamine [44], AlCl3/4-ethyl-
pyridine [45] and AlCl3/Et3NHCl [46]. RTILs inhibit side reactions of 
hydrogen evolution and increase the electron and ion transports thanks 
to their highly ionic conductivity [47]. Accordingly, a few reports have 
emerged to explore TiO2 as NAIB cathode for Al3+ ion storage. For 
instance, Koketsu et al. [48] used Ti-deficient TiO2 cathode to accom-
modate Al ions in NAIBs with AlCl3/[EMIm]Cl (molar ratio: 1.1/1.0) as 
the electrolyte. The cationic deficiency reduces the Coulombic forces 
inside the lattice, and increases the initial capacity from 30 to 120 mA h 
g− 1, compared with the pristine TiO2, although the long-term stability is 
not satisfactory owing to the inreversable transformation in crystal 
structure during the cyclic charge/discharge process. Wang et al. [49] 
employed high-conductivity TiN (22.5 wt%) to improve the electro-
chemical properties of anatase TiO2 nanorods. The composites delivered 
an initial discharge capacity of 73 mA h g− 1 at a constant current of 0.5 A 
g− 1 (≈1.5C) and stabilized in the first 100 cycles in the NAIBs with the 
AlCl3/[EMIm]Cl RTIL electrolyte. However, the long-term performance 
is still low based on the currently developed low-dimensional TiO2 
nanostructures. The insertion/exsertion of Al3+ ions leads to the dra-
matical expansion/shrinkage of anatase crystal structure, eventually 
resulting in capacity loss. 

From nanostructure point view, mesoporous anatase TiO2 spheres 
(MATS) consisting of nanocrystallites might be a promising candidate. 
Recent progress has demonstrated that their excellent photo/electro- 
chemical performance benefit from their well-defined hierarchical 
structure: the spherical morphology being helpful for packing, and their 
interconnected nanocrystallites and the built-up voids offering high- 
conductivity and high-porosity scaffolds for charge transfer and ion 
transformation during the cyclic electrochemical charge/discharge 
process, as well verified in LIBs recently [50]. Therefore, through 
carefully tuning the porous structure, MATS-based NAIBs might enable 
to boost the long-term stability and capacity performance. In this work, 
we firstly report a facile microwave-assisted self-template synthesis 
strategy for the rapid crystallization of MATS. We then demonstrate the 
efficient Al ion storage properties of MATS. The optimal one exhibits the 
highest initial capacity of 145.3 mA h g− 1 at 0.2C and 78.0 mA h g− 1 at 
1C after 200 cycles with high Coulombic efficiency of ≈98.6%. Finally, 
the underlying Al ion storage mechanism in MATS is explored, with a 
special emphasis on emphasis on the electrodeposition of Al and the 
evolution of chlorine gas (Cl2) during the cycling processes. 

2. Experimental 

2.1. Materials 

All the chemicals were purchased from Sigma-Aldrich, Alfa Aesar, 
and Merck, and used as received without further purification except that 
titanium (IV) tetraisopropoxide (TTIP, >97 wt%) was distilled under the 
reduced pressure at 120 ◦C before use [51–53]. After distillation, the 
yellow TTIP became colorless and highly transparent. The 1-ethyl-3- 
methylimidazolium chloride ([EMIm]Cl, 97%) was baked at 130 ◦C 
under vacuum for 48 h to remove residual water. All the employed 
organic solvents were HPLC-grade. 

2.2. Hydrous TiO2 colloidal spheres (HTCS) synthesized by sol-gel 
process 

As Scheme S1 shows, 4.0 mL of distilled TTIP promptly into a mixed 
solvent containing ethanol (96.0 g), acetonitrile (64.0 g), DI water 
(0.728 mL), and NH3⋅H2O (0.034 mL, ~28%) under vigorous stirring at 

room temperature [51–53]. Within 5 s, a white precipitate was gener-
ated gradually. After 5–6 min, the suspension was aged for 2 h under 
gentle stirring. After centrifugation and washed process (wash 3 times 
with alcohol and DI water, respectively), uniform amorphous HTCS 
were obtained. 

2.3. Microwave-assisted self-templated synthesis of MATS 

1.0 g HCTS were redispersed in water (25 mL) and the suspension 
was subjected to microwave irradiation for 30 min in the CEM Discover 
SP equipment (Power: 150 W) under gentle stirring. Different reaction 
temperatures of 110, 130, and 160 ◦C were investigated to optimize the 
microwave condition. Accordingly, the resultant microwave-irradiated 
MATS was denoted as MATS-110, MATS-130, MATS-160 respectively. 

After microwave-induced crystallization, MATS were calcined in air 
to fully crystalize and remove the surface organic contaminants. Typi-
cally, the optimal MATS-130 was then placed in a crucible and heated in 
air at 350, 450, or 550 ◦C for 2 h with a heating rate of 5 ◦C min− 1, and 
the samples were denoted as MATS-350, MATS-450, and MATS-550, 
respectively. 

2.4. Material characterization 

The crystallographic structure of MATS powder was examined by 
powder wide-angle X-ray diffraction (XRD) using Rigaku SmartLab SE X- 
ray diffractometer with a monochromated high-intensity Cu Kα radia-
tion (λ = 1.5418 Å) with a scanning rate of 5 ◦ min− 1. The ex-situ XRD 
measurement condition of the MATS electrode was conducted with a 
scanning rate of 0.5 ◦ min− 1, and Kapton film (7 μm) was used to cover 
the electrode to prevent deterioration in the air. A Rietveld refinement 
with GSAS (General Structure Analysis System) was performed using the 
structural parameters of MATS in the anatase structure. The morphology 
and microstructure of MATS samples were observed by JSM-7800F 
scanning electron microscope (SEM) with an Oxford X-MAX50 energy 
dispersive spectrometer (EDS) and JEOL JEM-2010 transmission elec-
tron microscope (TEM). XPS spectra were characterized on ESCALAB 
250Xi (Thermo Fisher Scientific Inc., USA) with Al-Kα radiation (72 W, 
12 kV) at a pressure of 10− 9 Torr. N2 adsorption-desorption isotherms 
were obtained using a Micromeritics ASAP 2020 surface area and 
porosity analyzer. All samples were outgassed under vacuum for 8 h at 
120 ◦C before measurements. Brunauer-Emmett-Teller (BET) equation 
was used to estimate the surface area from adsorption data obtained at 
P/P0 = 0.01–0.30. The average pore diameters of HTCS and MATS were 
calculated using the t-plot method and Barrett-Joyner-Halenda (BJH) 
method from the desorption branch of the isotherm, respectively [54]. 

2.5. Swagelok cell assembly and electrochemical property study 

The slurry of the working cathode was composed of 80 wt% MATS 
powder, 10 wt% carbon black, and 10 wt% polyvinylidene fluoride 
(PVDF) mixing in N-Methyl-2-pyrrolidone (NMP). The slurry was then 
uniformly coated on a current collector (Mo foil, 99.995%) and dried in 
vacuum at 120 ◦C for 12 h, and rolled twice using a rolling press (MTI 
MSK-HRP-MR100DC). Then the foil was cut to a round disk with a 
diameter of 12 mm. The loading weight of active TiO2 cathodic mate-
rials on the disk was controlled to 1.2–1.3 mg, corresponding to the 
average area loading of 1.1 mg cm− 2. 

A standard Swagelok cell (JYG-10, Zhongke Wanyuan Technology) 
was used for the electrochemical study of NAIBs. Cells were assembled 
in an argon-filled glove-box (H2O ≤ 0.01 ppm, O2 ≤ 0.01 ppm) using Al 
foil (99.999%) and Whatman GF/D glass fiber filter as the anode and 
separator, respectively. A RTIL of AlCl3/[EMIm]Cl (1.3:1.0 molar ratio), 
which was made by mixing anhydrous aluminium chloride (AlCl3, 
99.999%) and [EMIm]Cl (97%, after removing residual water) with the 
mole ratio of 1.3:1.0 in a glove-box, was used as the electrolyte. 

All the assembled cells were charged and discharged within a voltage 
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range of 0.2–2.4 V on a Neware battery testing system (Model: BTS-XWJ- 
6.44S-00052) at room temperature with diverse discharge rates from 0.5 
to 10C (1C = 335 mA h g− 1). Cyclic voltammetry (CV) curves were 
recorded on an electrochemical workstation (CHI 760E, CH In-
struments) at a scanning rate of 0.5 mV s− 1. Electrochemical impedance 
spectroscopy (EIS) measurement was performed on a ZIVE MP1 
impedance analyzer (WonATechCorp., Korea) from 200 kHz to 5 mHz at 
±5 mV where was applied as the sinusoidal perturbation. Galvanostatic 
intermittent titration technique (GITT) curves were recorded on the 
Neware battery testing system (Model: BTS-XWJ-6.44S-00052) at the 
5th cycle with a constant current density of 0.2C and each pulse lasts 
300 s followed by 600 s of rest. 

3. Results and discussion 

3.1. Textural property control of MATS 

Our synthesis starts from the preparation of HTCS by the forced 
hydrolysis of TTIP in the mixed EtOH–ACN–H2O medium containing a 
small amount of NH3. Herein NH3 acts as the precipitation prompter and 
morphological controller to guide the spontaneous self-assembly of 
nanosized TiO2 hydrates to submicrospheres through hydrogen 
bonding, as we studied before [53,55,56]. The resultant HTCS is 
amorphous without any diffraction peaks in the wide-angle range (see 
Fig. 1a). The submicrospheres are uniform and monodisperse with an 
average diameter of ≈480 nm (Fig. 2a, b). The nanosized TiO2 hydrates 
are closely packed, among which numerous voids form and thus create a 
highly porous structure, as recorded at the edge of HTCS by TEM 
(Fig. 2c,d). N2 sorption analysis confirms an ultrahigh BET surface area 
of 337.3 m2 g− 1 in HTCS (Table 1). 

A post-treatment through the hydro− /solvothermal process is 
essential to pre-crystallize the TiO2 hydrates to anatase phase in-situ, and 
synchronously fix a highly porous structure with high thermal stability 
for the subsequent calcination process. Note that the direct calcination 
without the hydro− /solvothermal post-treatment merely leads to 
nonporous spheres upon final calcination. Herein we develop a novel 
microwave-assisted hydrothermal process for the rapid synthesis of 
MATS. Compared with the conventional hydro− /solvothermal process, 
the employment of microwave allows for the prompt and uniform 
heating up, fastening the crystallization process and eventually short-
ening the hydrothermal time from 8 to 12 h to 0.5 h. 

To optimize the hydrothermal temperature (Th), a control experi-
ment has been conducted to study their textural property revolution in 
the crystal phase and porous structure. Monitored with XRD technique 

and BET surface area analysis, we compared the crystal size, crystal-
linity, surface area, and pore size of different as-hydrothermal products 
hydrothermally reacted at 110, 130, 160 ◦C for 0.5 h (see Table S1). The 
self-template crystallization of HTCS to anatase phase (see Fig. 1a and 
S1a) is in good agreement with the classic hydrothermal principle: the 
higher Tc corresponds to the bigger grain size and higher crystallinity. 
Our calculation using the Scherrer equation from the (101) diffraction 
peak [57] demonstrates that the crystal size gradually increases from 
4.41 to 6.60 and 7.26 nm with the increase in Th, followed by the 
enhanced crystallinity from 68.6% to 94.8% and 95.5%. The inevitable 
crystal growth is accompanied by the gradual elimination of porosity. As 
shown in Fig. 1b and Fig. S1b, the surface area gradually decreases from 
219.7 to 201.0 and 176.4 m2 g− 1, while the mean pore size is enlarged 
from 3.31 to 6.67 and 7.82 nm. 

We selected 130 ◦C as the optimal Th since the resultant MATS-130 
shows integrated superiority in structural parameters, including small 
grain size, large surface area, and high crystallinity. To remove the 
surface organic adsorbates and to further crystallize the spheres, MATS- 
130 has been calcined in air at different calcination temperatures (Tc) 
350–550 ◦C with their spherical morphology well maintained. Table 1 
also shows the structural parameters of MATS-350, 450, 500. In our 
Rietveld refinements of XRD patterns (Fig. S4), the crystallinity of MATS 
is gradually enhanced by increasing Tc, while the surface area is 
decreased and pore size is increased due to the gradual crystal growth of 
anatase TiO2 (see Table S2). Typically, the TiO2 nanobuilding blocks in 
MATS-450 are fully crystallized to anatase at Tc = 450 ◦C. Further 
increasing Tc leads to serious crystal fusion and the surface area de-
creases dramatically to 36.7 m2 g− 1 for MATS-550, in contrast to the 
type-IV isotherm plots with sharp capillary condensation steps of MATS- 
450 with a large surface area of 88.9 m2 g− 1. As shown in Fig. 2e-h, S2 
and S3, the representative SEM and TEM micrographs of MATS-450 
display the well-maintained submicrospheres morphology with a 
rough surface consisting of nanosized anatase nanoparticles after hy-
drothermal and annealing treatments. The well-assembled anatase 
grains create a porous structure with enlarged pore size. The high- 
resolution TEM image in Fig. 2i distinguishes the (101) plane of 
anatase with a d-spacing around 0.35 nm. 

3.2. Capacity, rate, and cycling performances and EIS spectra of MATS 

Using the elaborated MATS, we assembled the Al|AlCl3/[EMIm]Cl| 
MATS AIBs. For comparison, Aeroxide P25, comprised of anatase and 
rutile TiO2 with a surface area ~ 61.4 m2 g− 1, was also used as refer-
ential cathodic materials for the cell assembly [58]. We firstly performed 

Fig. 1. (a) XRD patterns and (b) N2 adsorption and desorption isotherms and the pore size distributions obtained from the desorption branches (inset) of HTCS and 
their MATS products upon the microwave-assisted hydrothermal process at 130 ◦C (MATS-130) followed with annealing at 350–550 ◦C (MATS-350-550). 
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galvanostatic charge/discharge experiments to evaluate the Al ion 
storage capacities of MATS. Fig. 3a shows the initial charge/discharge 
profiles of MATS and P25 at 0.2C in the range of 0.2–2.4 V (vs. Al/Al3+), 
respectively. Except for MATS-550, all MATS samples show higher 
specific capacities and voltage platforms, compared with P25 (≈67.7 
mA h g− 1), suggesting the beneficial effects of large surface area and 
porous structure for efficient Al ion storage. Among them, MATS-450 
displays the highest discharge capacity of ≈145.3 mA h g− 1 with a 
Coulombic efficiency of ≈96.5% and a stable charge/discharge platform 
at ≈2.20/1.47 V, respectively. 

Fig. 3b compares their rate performances within 0.2–2.4 V (vs. Al/ 
Al3+) at 0.2–5C. Again, MATS-450 possesses the best rate performance 
of Al ion storage capacities. Even at 2C, it delivers the highest discharged 
capacity of ≈58.9 mA h g− 1, which is over three times higher than that of 
P25, ≈18.7 mA h g− 1. Long-term cycling stabilities of the above samples 
were assessed at 1C as Fig. 3c shows. MATS-450 presents an impressive 
initial discharge capacity of ≈118.3 mA h g− 1 and remains at 78.0 mA h 
g− 1 with a Coulombic efficiency of ≈98.6% after 200 cycles. According 
to our literature review (Table S3) on the AIBs using TiO2 cathodes, our 
MATS-450 is one of the best electrochemical performances among 
different TiO2-based materials. 

The Al storage kinetics of MATS and P25 were studied by the EIS 
technique. After a three-cycle charge/discharge process at 0.2C, the Al| 
AlCl3/[EMIm]Cl|(MATS or P25) cells were finally discharged to the 
voltage platform of ≈1.5 V. Fig. 4a shows the Nyquist plots and the 
fitting results with their equivalent circuit model in the inset. The real 

part of the Nyquist plot can be expressed as: 

Z′ = Re +Rct + σwω− 1/2 (1)  

where Re is the electrolyte solution resistance, Rsei is the combined 
resistance of the solid electrolyte interface (SEI) layer, Rct is the charge 
transfer resistance, CPE1 and CPE2 are the two constant phase elements, 
and Zw represents the Warburg impedance. Table S4 summarizes our EIS 
fitting results for MATS and P25. The value of Rct follows an incremental 
order of MATS-450 < MATS-350 < MATS-130 < P25 < MATS-550. As 
shown in Fig. 4b, the Warburg factor (σw), which is related to the mass 
transport, can be obtained from the slope between Z′ and ω− 1/2. ω (2πf) 
is the angular frequency in the low-frequency region. 

The relationship of Al ion species diffusion coefficient (DAl) and σw 
can be expressed as: 

DAl = R2T2/( 2A2n4F4cAl
2σw

2) (2)  

where R is the gas constant (8.314 J mol− 1 K− 1), T is the measurement 
temperature (298.15 K), A is the contact area between electrode and 
electrolyte (1.13 cm2), n is the number of electrons, F is the Faraday 
constant, and c is the molar concentration of Al species. It is difficult to 
determine the value of n and c, due to more than one effective ion. 
However, DAl and σw

2 are inversely proportional; namely, the lower 
value of σw, the higher value of DAl. MATS-450 possesses the lowest 
value of σw as shown in Table S4, which further demonstrates their rapid 
diffusion kinetics of  Al ion species. 

The superiority of MATS-450 in capacity, rate, and cycling perfor-
mances can be primarily attributed to their excellent textural properties 
appropriate for efficient Al storage: 1) low Rct due to the high crystal-
linity and spherically assembled nanocrystalline with fewer grain 
boundaries; 2) large surface area with a larger amount of active sites for 
high-capacity Al storage; 3) porous structure providing easy paths for 
Al3+ ions with an enhanced DAl for rate performance; 4) spherical 
morphology with excellent structural stability in the cycling charge/ 
discharge process (see SEM analysis below). 

3.3. CV and Galvanostatic intermittent titration technique (GITT) 
analyses 

Fig. 5a shows the CV curves of MATS-450 from the 1st to 3rd cycle 
recorded at a potential scan rate of 0.1 mV s− 1 in the range of 0.2–2.4 V 

Fig. 2. Comparative SEM and TEM micrographs at different magnifications of (a-d) HTCS and (e-i) MATS-450.  

Table 1 
Phase and structural parameters of HTCS and MATS.  

TiO2 Grain 
size (nm) 

Crystallinity 
(%) 

Surface area 
(m2 g− 1) 

Pore 
size 
(nm) 

Pore volume 
(cm3 g− 1) 

HTCS – 0 337.3 3.12 0.0143 
MATS- 

130 
6.60 94.82 201.0 6.67 0.0108 

MATS- 
350 

14.2 96.05 187.1 7.80 0.0107 

MATS- 
450 

18.0 99.85 88.9 9.51 0.0100 

MATS- 
550 

22.4 99.98 36.7 12.0 0.0032  
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(vs. Al/Al3+). Interestingly, the solid-electrolyte interface (SEI) layer is 
almost formed during the first three cycles. The peak location of other 
oxidation peaks of ≈1.26/2.20 V and the reduction peak at ≈1.47 V are 
consistent with the voltage platform in the charge/discharge curves in 
Fig. 3a. No significant peak shift and intensity variation occur, indi-
cating the high reversible insertion/extraction ability of Al3+ ions. The 
corresponding oxidation peak of ≈0.52 V is gradually enhanced, which 
is related to the underpotential deposition of Al of the cathode and 
anode. 

We also recorded and compared the CV curves of MATS-450 and P25 
after the Al|AlCl3/[EMIm]Cl|(P25 or MATS) cells were charged/dis-
charged 50 cycles. The potential difference (φp) between the cathodic 
and anodic peaks can significantly suggest the degree of polarization for 
the electrode during the cyclic process. As shown in Fig. 5b, MATS-450 
exhibits a smaller value of φp = 0.07 V than P25 (0.15 V), together with a 
pair of better-resolved redox peaks. It can demonstrate that the signifi-
cantly weaker polarization benefits from the higher surface area and 
more excellent electrochemical performance of MATS-450 as mentioned 
before. 

Galvanostatic intermittent titration technique (GITT) was conducted 
to further understand the difference in the electrochemical diffusion 
coefficient of Al ion species in the P25 and MATS samples. Fig. 5d shows 
the chemical diffusion coefficients of Al ion species in P25 and MATS- 
450 as a function of voltage for the 5th cycle with a constant current 
density of 0.2C and each pulse lasts 300 s followed by 600 s of rest. As 

shown from Fig. 5c, MATS-450 takes a longer time for Al ion species to 
reach a steady state and possesses a larger capacity, compared with 
those of P25. The GITT diffusivity of the studied TiO2 cathodic materials 
can be expressed as [59]: 

DAl =
4
πτ

(
mBVm

MBA

)2(ΔVs

ΔVt

)2 (
τ≪L2/DAl

)
(3)  

where τ is the time duration of the pulse; mB, Vm, and MB are the active 
mass, molar volume, and molecular weight of TiO2, respectively; A is the 
cell interfacial area; L is the thickness of the electrode; ΔVs means the 
change in the steady-state voltage during the respective single titration; 
and ΔVt is the total transient change in cell voltage after subtracting the 
IR drop. As calculated from Fig. 5d, the DAl values of MATS at the 5th 
charge/discharge cycle are determined to be in the range of 10–9.0 to 
10–12.5 cm2 s− 1, all of which are higher than those of P25 (10–10.5 to 
10–14.0 cm2 s− 1). Typically, the DAl values at the charge and discharge 
states are closer for MATS-450, further suggesting its higher perfor-
mances in the reversible electrochemical insertion/extraction of Al ion 
species. 

3.4. Pseudocapacitive analysis of MATS 

Pesudocapacitive analysis is adopted to investigate the behavior of 
MATS-450 for AIB. As shown in Fig. 6a, the CV analyses were carried out 
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at various scan rates from 0.2 to 0.8 mV s− 1 between 0.2 and 2.4 V (vs. 
Al3+/Al). A pair of reversible oxidation and reduction peaks can be 
observed around 1.34 V and 0.95 V vs. Al/Al3+. With the increasing scan 
rate, the peak current (i) at a certain potential is not proportional to the 
square root of the scan rate (v), indicating that the oxidation and 
reduction processes are controlled by both pseudocapacitance charac-
teristics and ion diffusion [20]. Here, the relationship between i and ν 
can be described by the following equations: 

i = aνb, (0.5 ≤ b ≤ 1) (4)  

logi = blogν+ loga (5)  

where a and b are variable parameters. The b value is always adopted to 
investigate the Al3+ storage behavior. Particularly, b = 1 means the 
completely capacitive characteristics-controlled process, whereas b =
0.5 stands for the completely diffusion-controlled one. The b value of 
peak 1 and peak 2 of MATS-450 is 0.6821 and 0.6597 with the error 
value of the 0.0069 and 0.0253 from the logi-logv relationship (Fig. 6b), 
demonstrating that the MATS-450 based AIB energy storage is domi-
nated by a diffusion-controlled process. 

Since the energy storage of the MATS-450-based AIB possesses the 
both pseudocapacitance and ion diffusion characteristics. Fig. 6c sum-
marizes their contribution ratio by using the following equations: 

i = k1v+ k2v1/2 (6)  

where k1 and k2 are adjustable constants, and k1ν and k2ν1/2 represent 
the capacitive-controlled contribution and the Al ion species diffusion- 
controlled contribution in MATS-450, respectively. As calculated from 
Fig. 6d, the percentage of pseudocapacitance at 0.2, 0.4, 0.6, and 0.8 
mV s− 1 is 37.2%, 46.3%, 50.3%, and 56.0%, and the thus corresponding 
percentage of diffusion-controlled contribution is 62.8%, 53.7%, 49.7%, 
and 44.0%, respectively. Notably, the pseudocapacitance-controlled 
contribution of 56.0% at 0.8 mV s− 1. The pseudocapacitance gradually 
dominates the battery energy storage as the scan rate increase. 

3.5. Al3+ storage mechanism of MATS in NAIBs 

Attempts have been made to reveal the underlying Al insertion/ 
extraction mechanism of MATS cathodes in NAIBs. Our interest was 
mainly directed to phase and composition evolution in MATS during the 
charge/discharge process [35,53,56]. Thus, we disassembled the tested 
NAIBs after 50 cycles at 0.5C, and two MATS-450 cathodes were 
collected at their charging and discharging states, respectively. For 
comparison, the pristine cathode without any electrochemical cycle was 
immersed in AlCl3/[EMIm]Cl electrolyte for 12 h. All these three cath-
odes were subjected to sufficient wash with MeCN to eliminate the 
physically adsorbed Al species on the MATS cathodes before the sub-
sequent ex-situ SEM-EDX and XPS measurements. 

The SEM-EDX technique provides a statistical and straightforward 
tool to compare the changes in morphology and surface composition of 
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MATS after being charged and discharged. Fig. 7 depicts their SEM 
micrographs and the corresponding EDX elemental mappings of MATS- 
450. The spherical morphology and hierarchical structure of MATS-450 
are well reserved after 50 cycles by comparing the top-view micro-
graphs. EDX elemental mapping shows that all three samples exhibit 
regions containing a dominant Ti signal due to the presence of MATS- 
450. 

The signals for Al and Cl elements in the pristine MATS-450 are 
extremely weak due to the absence of electrochemical reaction but 
physical adsorption of ions occurring on the cathode merely (Fig. 7a). 
Hence, the adsorbed Al and Cl species are negligible after MeCN 
washing. As clearly shown in Fig. 7b and c, the stronger signals of Al and 
Cl elements in both charged and discharged MATS-450 cathodes are 
originated from the insertion of Al3+ and Cl− ions into the crystal lattices 
of anatase TiO2 and probably the SEI layer containing Al3+ and Cl− ions. 
Compared with charged counterpart, the discharged MATS-450 cathode 
(Fig. 7c) is almost entirely covered with Al and Cl elements. The signal 
enhancements are contributed from the electrochemical insertion of Al 
and Cl species (e.g. Al3+, AlCl4− or Al2Cl7− etc.) into TiO2. For the 
charged sample, a certain amount of Al and Cl elements in MATS-450 
cathode (Fig. 7b) might be assigned to the presence of SEI and the 
resident Al and Cl species. Surely the latter is inactive in Al insertion/ 
extraction and results in the deteriorated electrochemical reversibility 
and poor-rate and capacity performances of NAIBs. 

We further performed ex-situ XPS analysis to identify the surface 
composition and oxidation state of Ti, Al, Cl elements in the MATS-450 
cathode during the charge/discharge process. Fig. 8 shows XPS survey 
spectra and high-resolution XPS spectra of Ti 2p, Al 2p, and Cl 2p 
recorded on the pristine, charged, and discharged MATS-450 cathodes. 
As shown in Fig. 8b, there is only one peak of Ti4+ at 459.8 eV in the 
pristine sample. Upon charge and discharge, two peaks at 459.5 and 
459.9 eV can be well resolved, indicating the co-existing of Ti4+ and Ti3+

species during the redox process. Relatively, the discharge induced the 
richer Ti3+ species whose XPS peaks locate at the lower binding energy. 
Hence, Ti4+ is reduced to Ti3+ during the discharge process; while Ti3+ is 
oxidized back to Ti4+ during charge. Al 2p and Cl 2p peaks appear upon 

the charge/discharge process followed by the electrochemical Al inser-
tion/extraction on the MATS-450 side. An intense peak at 75.4 eV cor-
responding to the Al3+ can be clearly observed in Al 2p (Fig. 8c), which 
verifies Al3+ insertion into MATS-450 during discharging process; while 
two pairs of peaks (at (197.8 and 199.0 eV) and (199.6 and 201.1 eV)) 
can be assigned to the spin-orbit split 2p1/2/2p3/2 components for AlCl4−

and Cl− are observed in Cl 2p (Fig. 8d), respectively [60]. The Al and Cl 
areas of the discharged electrode are ≈2 times larger than those of 
charged cathode. The enrichments in Al and Cl species, in good agree-
ment with the SEM-EDX results, further verify the involvement of Al 
species (Al3+, AlCl4− , Al2Cl7− , etc) in the electrode reaction. The pres-
ence of Al and Cl signals in the charged sample may be due to the side 
reactions between AlCl3/[EMIm]Cl electrolyte with PVDF in the elec-
trode [61]. 

Table 2 summarizes the molar ratio of Ti, Al, and Cl of MATS-450 at 
the initial, charged, and discharge states, revealed by the XPS technique. 
Note that such quantitative analysis is not very accurate but able to, to 
some extent, reflect the reversible extraction/insertion of Al3+ in TiO2 
during the charge/discharge process. The discharge significantly in-
creases the amounts of both Al and Cl elements in TiO2, which then 
decrease during the charging process. We normalize the amount of Ti to 
1 mol, and the molar ratio of Al/Cl keeps less than 1, namely, ≈1/3 
(0.21/0.58) for the pristine with AlCl3 adsorbed ≈2/3 (0.50/0.75), and 
≈3/3 (1.48/1.52) at charged and discharged states, which clearly in-
dicates that the Al ion transportation is accompanied with the move-
ment of Cl species. If we assume that, after being charged, the remaining 
Al and Cl species are resident, we also can image a larger amount of Al (i. 
e. 1.48–0.50) shuttle between the Al and TiO2 electrodes, compared with 
Cl (1.52–0.75). The shutting ions can be denoted as AlCl1–x. Thus, it 
seems that Al3+ would be a key effective ion for Al ion storage, although 
co-existing AlCl4− or Al2Cl7− ions can not be negligible. Future works 
will be performed to investigate the exact ions, their proportion, and 
evolution during working in NAIBs. 

Fig. 7. SEM micrographs with corresponding EDX elemental mappings of (a) pristine without cycling, (b) charged and (c) discharged MATS-450 cathodes obtained 
after 50 cycles. 
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3.6. Long-term stability of MATS and performance degradation 
mechanism 

The ex-situ XRD analysis is performed to further explore the under-
lying phase transitions of the MATS-450 cathode during the Al inser-
tion/extraction process at charge/discharge states and different cycles 
(i.e. 50th, 200th, and 600th). Fig. 9 summarizes their XRD analysis re-
sults. The pristine MATS-450 cathode (black) shows a typical anatase 
phase with a space group I41/amd. The prominent diffraction peak at 2θ 
of 58.6o and the other two small peaks at 40.4o and 52.4o can be 
assigned to the current collector of metallic Mo (ICDD 42–1120). After 
50 cycles, four new phases can be resolved in the discharged sample 
(blue), which can be indexed as Al2Ti7O15 (ICDD #39–0052); Al2TiO5 
(ICDD #70–1435); Ti(AlCl4)2 (ICDD #25–0980); and Ti(ClO4)4 (ICDD 
#32–1367). These four intermediate phases are absent in the charged 
counterpart (red), suggesting a fairly reversible crystal phase transition 
during the cyclic Al3+ insertion/extraction process. Tracing back to the 

source, the Al2Ti7O15, Al2TiO5, and Ti(AlCl4)2 phases are generated due 
to the insertion of Al3+ ions into MATS [39]; while the Ti(ClO4)4 phase 
might be derived from the side reaction of PVDF with AlCl3/[EMIm]Cl 
electrolyte. Note that the insertion of Al3+ leads to a dramatical increase 
in the lattice volumes, i.e. 136.38, 326.30, 486.22 and 1177.23 Å3 for 
anatase TiO2, Al2Ti7O15, Al2Ti7O15 and Ti(AlCl4)2, respectively. There-
fore, the porous structure of MATS is helpful to accommodate the vol-
ume expansion during the insertion of Al3+ ions into the anatase TiO2 
crystal lattices. 

It is well known that AIBs keep in service far shorter than LIBs. To 
understand the performance degradation mechanism of AIBs, we 
extended the charge/discharge cycles and measured the XRD patterns of 
MATS-450 cathodes after 200 and 600 cycles. As also shown in Fig. 9, 
the deterioration in the cathode and the degradation in electrochemical 
performances are clearly evident in the crystal phase evolution of MATS- 
450. After 200 cycles, the Al2Ti7O15, Al2TiO5, Ti(AlCl4)2, and Ti(ClO4)4 
phase becomes dominant, in contrast to the co-existed TiO2 phase. 
Certainly, these four phases are inactive in Al3+ insertion/exsertion re-
actions, and merely the remaining anatase TiO2 might take part in the 
electrochemical reactions. Thus, the difference in the XRD patterns be-
tween the charged and discharged samples is greatly reduced. 

The phase transition from anatase TiO2 to unactive Ti-containing 
phases is continuously developed. After 600 cycles, anatase TiO2 has 
been a minor phase. Non-oxide phases, Ti(AlCl4)2 and Ti(ClO4)4 become 
dominant as their peak intensities rapidly strengthen with the conduc-
tion of the cycling process, and show slight variation in the peak 
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Fig. 8. (a) Ex-situ XPS survey of pristine (black), charged (red), and discharged (blue) MATS-450 cathodes after 50 cycles, and their corresponding high-resolution 
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Table 2 
The quantitative XPS analyses of Ti, Al, and Cl molar ratios of the pristine, 
charged and discharged MATS-450 cathodes.  

MATS-450 Ti Al Cl 

Pristine 1 0.21 0.58 
Charged 1 0.50 0.75 
Discharged 1 1.48 1.52  
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intensity during the charge/discharge process. Thus, this irreversible 
phase transition dramatically lowers the reversibility and eventually 
worsens the electrochemical performances of NAIBs, resulting in a sig-
nificant loss in the specific captivity: after 600 cycles, ≈ 32.8 mA h g− 1 

with low Coulombic efficiency of ≈90.7% is remained, as shown in 
Fig. S5. 

3.7. Working principle of AIBs with MATS cathode 

Based on the above discussion, a schematic diagram for the working 
principle of Al|AlCl3-[EMIm]Cl|MATS battery is illustrated in Scheme 1. 
As proposed previously [20,49], the underlying reversible electro-
chemical reactions on the Al anode and TiO2 cathode can be written as 
follows. Note that both the forward reactions describe the discharge 
process in NAIBs. 

Anode : 7xAlCl4
− + xAl–3xe− ↔ 4xAl2Cl7

− (7)  

Cathode : 4xAl2Cl7
− +TiO2 + 3xe− ↔ AlxTiO2 + 7xAlCl4

− (8) 

During the discharge process (red clockwise closed loop in Scheme 
1), Al anode is prone to oxidization in the AlCl3/[EMIm]Cl electrolyte. 
The released Al3+ ions can react with the AlCl4− readily, partially 
generating Al2Cl7− ions. Al2Cl7− can decompose into Al3+ and AlCl4−

reversely when Al2Cl7− diffuses to the interface on the cathode side. 
Clearly, Al3+ ions could embed in MATS cathode, forming Al2Ti7O15 and 
Al2TiO5 [39]. Wu et al. [18] suggested that AlCl4− ions can diffuse to the 
anode side and convert to Al2Cl7− by combining with the dissolved Al3+. 
However, our finding here shows that AlCl4− ions can also insert into the 
crystal lattices of MATS, generating an additional Ti(AlCl4)2 phase. As 
evidenced in XPS and EDX, a considerable amount of Cl elements can be 
detected on the TiO2 surface. While in the charging process (black 
counterclockwise closed loop in Scheme 1), the disassembled Al3+ ions 
from the MATS cathode can be deposited on the Al metal anode side. 

4. Conclusions 

Textural property-controllable MATS has been successfully elabo-
rated through the microwave-assisted rapid crystallization of HTCS self- 
template. Tuning the hydrothermal and calcination temperatures allow 
for tuning the structural parameters of MATS, including grain size, 
crystallinity, BET specific surface area, and pore size. Our optimized 
MATS-450 has been demonstrated as a promising cathode material for 
NAIBs with superior rate and capacity performances: the constructed 
NAIBs with RTIL electrolyte of AlCl3/[EMIm]Cl deliver an initial ca-
pacity of 145.3 mA h g− 1 at 0.2C, and a reversible capacity of 78.0 mA h 
g− 1 at 1C can be retained after 200 cycles with a high Coulombic effi-
ciency of ≈98.6%. Our storage mechanism study demonstrates the 
charge/discharge process mainly involves the extraction/insertion of 
Al3+ and AlCl4− ions with the formation of intermediate aluminium ti-
tanium oxides (Al2Ti7O15 and Al2TiO5), while the concomitantly 

Fig. 9. Ex-situ XRD patterns of pristine (black), charged (red), and discharged 
(blue) MTS-450 cathodes after 50, 200 and 600 cycles at 1C between 0.2 and 
2.4 V (vs. Al3+/Al). 

Scheme 1. Schematic illustration of the reaction mechanism of NAIBs with MATS cathode material and AlCl3/[EMIm]Cl electrolyte.  
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generated non-oxides of Ti(AlCl4)2 and Ti(ClO4)4 generated concomi-
tantly show poor eletrochemical reversibility and thus reduces the 
cycling performance of NAIBs. 
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