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ABSTRACT

In view of the practical deployment of Al-ion batteries for stationary energy storage, novel 

and cost-efficient cathodes consisting of earth-abundant chemical elements are imperative. 

Titanium dioxide TiO2 is an appealing candidate as a cathode material due to high natural 

reserves of the constituent elements as well as its nontoxicity and high chemical robustness. In 

this work, we assessed the potential of anatase TiO2 nanorods as a cathode material for Al-ion 

storage. This material delivers high capacities of 112-165 mAh g-1 at a current density of 50 

mA g-1 in AlCl3/1-Ethyl-3-methylimidazolium chloride ionic liquid electrolyte of various 

acidity. The mechanism of aluminum intercalation into anatase TiO2 nanorods and the related 

crystal structure changes were assessed by density functional theory, ex situ X-ray 

photoelectron and energy-dispersive X-ray spectroscopies.



INTRODUCTION

Al-ion batteries (AIBs) are appealing as an inexpensive electrochemical energy storage 

technology and have attracted significant attention in the last few years.1-2 Aluminum has 

numerous advantages such as high natural abundance, high volumetric/gravimetric (8046 

mAh cm-3/2980 mAh g-1) capacities and low redox potential.3-8 Contrary to metallic Li, Na, 

and K, Al could be utilized in the form of metallic foil on the anode part of the battery due to 

smooth and fast electrodeposition/stripping. Thus far, the main barrier for the progress of 

AIBs has been the scarcity of cathodes supporting Al3+ ion intercalation/deintercalation. In 

this arena, an important difference exists in comparison to univalent Li+/Na+ cations. 

Intercalation of Al3+ cations, being much smaller than Li+ ions, was revealed to be difficult as 

a result of strong Coulombic interaction with the lattice of the host cathode material.9 In the 

last few years, various materials have been explored with respect to Al3+ ion storage, such as 

transition metal oxides,10-22 sulfides,23-36 selenides,37-38 phosphite,39 molybdite,40 vanadate,41 

carbide,42
 Prussian blue analogs,43-44 iodine,45 selenium,46 sulfur47-49 and oxygen.50 Overall, 

the reversibility of the Al3+ ion intercalation/deintercalation redox processes has been 

demonstrated, although nearly all known cathodes possess poor rate capabilities and limited 

cycle life.

Of all possible cathode materials for AIBs, titanium oxide (TiO2) is probably the most 

appealing candidate due to high natural reserves of the constituent elements, its nontoxicity, 

and high oxidation stability. Reversible intercalation of Al3+ ions into TiO2 was first 

demonstrated in 2012 by Liu et al.16 on anatase TiO2 nanotube arrays in an aqueous AlCl3 

electrolyte. The reduction of Ti4+ to Ti3+/Ti2+ during Al3+ ion intercalation has been confirmed 

by XPS studies. Later, reversible Al3+ ion storage was shown on anatase TiO2 nanospheres.51 

Despite these achievements, Al3+ ion intercalation in TiO2 has been reported up to recently 

only in aqueous electrolytes, which are, however, susceptible to parasitic reactions such as 

chemical oxidation of the aluminum anode and hydrogen evolution during aluminum 
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deposition. In the context of minimization of these side reactions, Koketsu et al.19 reported the 

electrochemical performance of cation-deficient anatase TiO2 in a chloroaluminate ionic 

liquid electrolyte which demonstrated a high capacity of 120 mAh g-1 in comparison with 

pure bulk TiO2 (30 mAh g-1). However, the electrochemical performance of cation-deficient 

anatase TiO2 was only reported for three cycles. 

Encouraged by both the initial reports on TiO2 in an aqueous electrolyte16, 51-52 and the 

recent publications of Koketsu et al.,19 and others53 we sought to thoroughly evaluate the Al3+ 

ion storage performance of nanosized anatase TiO2 in chloroaluminate ionic liquid. Herein, 

we demonstrate that anatase TiO2 nanorods (NRs) deliver a high capacity of 112 mAh g-1 and 

165 mAh g-1 at a current density of 50 mA g-1 in mild and highly acidic formulations 

(AlCl3/1-Ethyl-3-methylimidazolium chloride (EMIMCl) with molar ratios of 1.1:1 and 

2.0:1), respectively. The mechanism of Al3+ ion intercalation into TiO2 NRs in both 

formulations has been assessed using ex situ X-ray photoelectron (XPS) and energy-

dispersive X-ray (EDX) spectroscopies. Density functional theory (DFT) calculations were 

performed to predict the volume change of the TiO2 structure during Al3+ ion intercalation.

RESULTS AND DISCUSSION

In this work, monodispersed TiO2 NRs were synthesized using a previously reported 

method;54-55 briefly, the synthesis of NRs was performed by hydrothermal treatment of 

titanium isopropoxide in the presence of triethanolamine and ethylenediamine (see  Figure S1 

and Experimental Section for details). As follows from transmission electron microscopy 

(TEM) measurements, TiO2 NRs were crystalline with length and width on the average order 

of 50-200 nm and 7-14 nm, respectively (Figure 1a). As illustrated in Figure 1b, the powder 

X-ray diffraction (XRD) and selected area electron diffraction patterns of TiO2 NRs show a 

tetragonal anatase structure with the space group I41/amd. The lattice parameters, as obtained 

from a Rietveld refinement, are: a = b = 3.80002(10) Å, c = 9.5010(2) Å. Notably, in 
4
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On anode:  (1)𝑥𝐴𝑙 +  7𝑥𝐴𝑙𝐶𝑙 ―4 ↔4𝑥𝐴𝑙2𝐶𝑙 ―7  + 3𝑥𝑒 ―

On cathode:  (2)4𝑥𝐴𝑙2𝐶𝑙 ―7 +𝑇𝑖𝑂2 +3𝑥𝑒―↔𝐴𝑙𝑥𝑇𝑖𝑂2 +7𝑥𝐴𝑙𝐶𝑙 ―4

As follows from Figures 1c and 1d, TiO2 NRs showed superior electrochemical 

performance over bulk TiO2. Bulk TiO2 shows only a small capacity of 35 mAh g-1, which is 

also in agreement with results of Koketsu et al.19 Apparently, decreasing the crystal grain size 

of the TiO2 shortens the ionic diffusion length and increases the active material/electrolyte 

interactions. Consequently, TiO2 NRs possess significantly higher electrochemical activity as 

compared to micron-sized TiO2 particles (Figure S4).

accordance with Rietveld refinement, about 6.3% of brookite phase was present in TiO2 NRs 

(see Figure S2, Table S1 and Experimental Section for details). As follows from high-

resolution transmission electron microscopy (HRTEM) imaging (see inset of Figure 1b), 

the growth direction of TiO2 NRs is [001] and the top facet of TiO2 NRs is a plane (010).

For the electrochemical tests, TiO2 NRs were mixed with polyvinylidene fluoride 

(PVDF) binder, carbon black (CB), titanium nitride (TiN) and N-methylpyrrolidone 

(NMP). The obtained slurry was cast onto tungsten plates. A homemade plastic cell design 

was used for the electrochemical measurements (Figure S3). Aluminum ionic liquid 

electrolyte consisting of AlCl3:EMIMCl with molar ratios of 1.1 or 2.0 was employed as an 

electrolyte.

Figure 1c shows the voltage profiles of the AIB at a current density of 50 mA g-1 using 

TiO2 NRs as a cathode material. During the first discharge, the intercalation of approximately 

0.12 mol of Al3+ ions per mole of TiO2 was observed, which corresponds to a total initial 

discharge capacity of 121 mAh g-1. During the first charge cycle, all inserted Al3+ ions could 

be extracted from the TiO2 structure. The discharging half-reactions can be written as follows:



Figure 1. (a) Transmission electron microscopy (TEM) image and (b) X-ray diffraction 
(XRD) pattern of TiO2 NRs [inset: high-resolution TEM image and selected area electron 
diffraction (SAED) image of TiO2 NRs]. First three galvanostatic charge-discharge curves of 
TiO2 NRs (c) and microcrystalline bulk TiO2 (d) using AlCl3:EMIMCl electrolytes (1.1:1 
molar ratio).

Next, we compared the electrochemical behavior of TiO2 NRs in mild and highly acidic 

AlCl3/EMIMCl ionic liquid electrolytes with AlCl3:EMIMCl molar ratios of 1.1:1 and 2.0:1 

(low and high AlCl3 molar fractions), respectively (Figure 2, see Figure S5 for cyclic 

voltammetry measurements). As follows from Figure 2, TiO2 NRs exhibited a higher 

capacity of 165 mAh g−1 with the higher AlCl3:EMIMCl molar ratio of 2.0 compared to 112 

mAh g−1 when using the lower molar ratio of 1.1. The detailed Al3+ ion charge storage 

mechanism for TiO2 NRs in both mild and highly acidic AlCl3/EMIMCl ionic liquid 

electrolytes was first interrogated by ex situ XPS. Figure 2b shows the change of Al 2p, Cl 

2p, and Ti 2p XPS peaks for pristine, discharged and charged samples. For discharged 

electrode, at both 2.0 and 1.1 molar ratios, the Ti 2p peak displaced to higher binding energy, 

as a result of Ti4+ reduction to Ti3+. Upon the following charge, Ti3+ is oxidized back to Ti4+. 
6
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As evident from the Al 2p XPS spectra for both the 2.0 and 1.1 ratios, the Al peak 

appears after discharge and fully vanishes after the following charge. However, in the case of 

the 2.0 ratio, the Cl 2p signal was also observed for the discharged electrode, which 

disappeared after the following charge. Appearance of Cl was also observed on the EDX 

maps for the 2.0 ratio, in contrast to the 1.1 ratio (see Figures S10 for details). The 

quantitative XPS analysis of the discharged TiO2 electrode using AlCl3/EMIMCl ionic liquid 

with 2.0 molar ratio revealed the following atomic ratios for Al and Cl: 2.5(±0.1) and 2(±0.1). 

We assume that the appearance of the Cl in the discharged TiO2 electrode can be attributed to 

the presence of AlCl2
+ species in the highly acidic AlCl3:EMIMCl ionic liquid electrolyte, 

and this has been confirmed in a series of previous reports56-60 as well as in the present 

work by solution state 27Al NMR measurements (Figure S11). It is possible that the AlCl2
+ 

species is too large for intercalation (r(AlCl2
+) = 3.76 Å vs. r(Al3+) = 0.53 Å) and can be 

attracted by Coulombic forces to the reduced Ti3+ ion sites on the surface of the TiO2 

NRs, contributing to the aluminum charge storage mechanism. These assumptions might 

explain why the capacity of TiO2 in the highly acidic electrolyte is higher than that of the 

mildly acidic electrolyte.



Figure 2. (a) Typical galvanostatic charge-discharge curves (3rd cycle) of TiO2 NRs measured 
at a current density of 50 mA g-1 in mild (1.1:1 molar ratio) and acidic (2.0:0 molar ratio) 
AlCl3/EMIMCl ionic liquid electrolytes. See Figure S6 for the electrochemical performance 
of TiO2 NRs in chloroaluminate ionic liquid with 1.1, 1.3, 1.5, and 2.0 AlCl3/EMIMCl molar 
ratios measured at a current density of 0.5 A g-1. (b) Ex situ XPS measurements of electrodes 
composed of TiO2 NRs before and after discharge and charge in AlCl3/EMIMCl ionic liquid 
electrolytes (1.1:1 and 2.0:0 molar ratios). See Figures S7 and S8 for the detailed O 1s and Ti 
2p XPS spectra. Full XPS survey spectra are shown in Figure S9.

To better understand the structural changes during Al3+ ion intercalation into the anatase 

TiO2 structure, DFT calculations were performed.20 Specifically, we gradually increased the 

number of Al3+ ions in the intercalation sites of an anatase supercell and fully relaxed the 

supercell volume and the atomic positions of the host. We note that at low Al3+ ion content 

(the molar fraction of aluminum x < 0.167, and the capacity of 163 mAh g-1), the repulsive 

force between the Al-Ti is the major factor affecting the stability of the Al3+ ion intercalation 

site. As follows from the DFT study during Al3+ ion intercalation into TiO2, the anatase TiO2 
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Figure 3. (a) Representation of the crystal structures of TiO2 with different A3+ ion content ( 
x = 0; x = 0.028; x = 0.167). Gray, blue, and red spheres represent O, Ti, and Al atoms, 
respectively. (b) The dependence of computed cell volume change of anatase TiO2 structure 
on the Al3+ ion content ( x ).

We then measured the electrochemical performance of TiO2 NRs at a high current density 

of 0.5 A g-1. Figure 4a shows the typical voltage profiles of the TiO2 NRs. After the 20th 

cycle, the capacities of 40 mAh g–1 and 73 mAh g–1 in the mild and highly acidic 

chloroaluminate electrolyte were obtained, respectively. As follows from Figure 4b, for a 2.0 

molar ratio, a high capacity retention of TiO2 NRs was observed in comparison to the capacity 

retention with the 1.1 molar ratio. We note that the capacity difference measured in the mild 

and acidic solutions might be attributed to the difference in the Al3+ ion charge storage 

9

supercell is stable (see the corresponding structures of Al3+ ion intercalated TiO2 at various x 

on Figure 3a and Figure S12). The computed relative volume change of anatase TiO2 

structure varies with the molar ratio x  in AlxTiO2, as shown in Figure 3b. We 

found that the cell volume of the TiO2 structure gradually increased with an increase of Al3+ 

ion content and tended to be at the highest value of 140 Å (relative volume change of 2.1%).

https://pubs.acs.org/doi/10.1021/acs.chemmater.7b04743#fig4
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mechanisms that are discussed in detail above. Lower coulombic efficiency being observed in 

chloroaluminate ionic liquid electrolyte with 2.0 : 1 molar ratio (AlCl3:EMIMCl)  as compared 

to that of slightly acidic liquid (1.1 : 1 molar ratio) can be explained by the enhanced 

corrosivity of the highly acidic melt with respect to the W current collector. Having 

established that the higher acidity of the electrolyte solution offers higher capacity, we studied 

the electrochemical performance of TiO2 NRs in greater detail using a higher acidity 

electrolyte (Figure 4c, d). Namely, we revealed that the constant current-constant voltage 

(CCCV) charge at a constant voltage step of 1.2 V, improves the discharge capacity of TiO2 

NRs to 91 mAh g−1. Notably, irreversibility between charge and discharge curves within first 

cycles (Figure 4d) might be associated with partial trapping of Al3+ ions in TiO2 lattice. The 

cycling stability tests of half-cells employing TiO2 NRs with a CCCV protocol at a current 

density of 0.5 A g-1 showed high capacity retention for 150 cycles with a Coulombic efficiency 

of ~99.9% (Figure 4b). TEM measurements of TiO2 NRs after 150 cycles revealed that their 

structure and morphology was fully preserved (Figure S13). Importantly, TiO2 NRs possess 

one of the most stable Al-ion cathodic performances with high capacity published to date for 

AIBs (for details see Table S2).



Figure 4. (a) Galvanostatic charge-discharge curves of TiO2 NRs during the 20th cycle and 
(b) their cyclic stability measured at a current density of 0.5 A g-1 using AlCl3:EMIMCl
electrolytes (1.1:1 and 2.0:1 molar ratios). (c) Charge and discharge voltage profiles and (d)
cyclic performance of TiO2 NRs tested at current density of 0.5 A g−1 using CCCV mode ( 2:1
(AlCl3/EMIMCl molar ratio). See also Figure S14 for cyclic stability measurements of TiO2
NRs at a current density of 50 mA g-1.

CONCLUSIONS

In summary, we report the assessment of TiO2 NRs as a cathode material for Al-ion storage. 

TiO2 NRs exhibit high capacities of 112 mAh g-1 and 165 mAh g-1 at a current density of 50 

mA g-1 in mild and highly acidic (AlCl3/EMIMCl molar ratios of 1.1:1 and 2.0:1) 

chloroaluminate ionic liquid electrolytes, respectively. Moreover, TiO2 NRs can be cycled at 

high current densities of 0.5 A g–1 (2.0:1 molar ratio), and they deliver a high capacity of 

approximately 90 mA g−1 without capacity fading over 150 cycles. The mechanism of Al3+ 

ion intercalation/deintercalation was probed by ex situ XPS and EDX measurements. The 

result evidence the electrochemical reduction/oxidation of Ti4+/Ti3+ ions and insertion of Al3+ 

ions for both the 1.1:1 and 2.0:1 ratios during the discharging/charging of TiO2 NRs. 
11
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Structural changes during Al3+ ion intercalation into an anatase TiO2 structure were 

assessed by using DFT calculations which indicated the structural stability of the AlxTiO2 

structure at a low Al3+ ion content of x < 0.167.

EXPERIMENTAL SECTION

Synthesis of TiO2 NRs. Titanium oxide NRs were synthesized using a previously reported 

method. A volume of 6.9 mL of titanium isopropoxide (TIPO) was added to 6.7 mL of 

triethanolamine under stirring. Then, 16.4 mL of deionized water was added into the reaction 

mixture following the addition of 1.4 mL of ethylenediamine (in 15 min) under vigorous 

stirring. Afterward, the solution was brought to a total volume of 100 mL with water. The 

closed flask was heated to 100 °C for 24 h. The synthesized gel was transferred into autoclave 

for a second heat-treatment at 140 °C for 72 h. Lastly, as-synthesized TiO2 NRs were 

collected from the autoclave and washed with water and HNO3 (3 mol L-1), following their 

centrifugation and drying under a dry air flow for 12h.

Electrochemical characterization of TiO2 NRs. The following 

battery components/chemicals were used: carbon black (Super C65, TIMCAL), 

poly(vinylidene fluoride) (PVdF, Sigma-Aldrich), titanium nitride (TiN, 99.8%), N-

methyl-2-pyrrolidone (NMP, 99%, Sigma-Aldrich), anhydrous AlCl3 (99.99%, 

ABCR), 1-ethyl-3-methylimidazolium chloride (EMIMCl, 99%, Iolitec), W plate 

(Bocheng Molybdenum Co., Ltd), titanium (IV) oxide (anatase, 99.9%, Aldrich), Al foil 

(MTI Corporation), and glass microfiber separator (GF/D, Whatman). TiO2 electrodes 

were prepared by mixing of TiO2 NRs (45 wt. %), carbon black (CB, 22.5 wt. %), 

titanium nitride (TiN, 22.5 wt, %), and poly(vinylidene) fluoride binder (pVdF, 10 wt. 

%) using a Fritsch Pulverisette 7 classic planetary mill for 1 h at 500 rpm. The obtained 

homogeneous suspension was painted onto W current collectors following the drying step at 

80 °C for 12 hours under vacuum (loading ~1 
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measurements of TiO2 brookite NPs (Figure S18). It has been revealed that bookite TiO2

structure has lower electrochemical performance in comparison with anatase structure. TiO2 

mg cm-2). It is worth noting that, the contribution from empty W current collector to the 

capacity of TiO2 electrodes prepared on W plates is negligible (see Figure S15).

Electrochemical measurements were conducted in homemade plastic cells (Figure S3), in 

an Ar-filled glove box (O2 < 0.1 ppm, H2O < 0.1 ppm) using glass fiber filter as a separator, 

and AlCl3:EMIMCl ionic liquid as an electrolyte. Aluminum foil was used as both reference 

and counter electrodes. AlCl3:EMIMCl ionic liquid (1.1:1 and 2:1 molar ratios) was used as 

the electrolyte. We note that highest molar  ratio of AlCl3:EMIMCl is  ≈ 2 because above this 

ratio AlCl3 can not be dissolved anymore in the choloroaluminate ionic liquid electrolyte.8 

Notably, in case of the use of chloroaluminate ionic liquid with molar ratio of 2:1, small 

corrosion of Al anode was observed as visible from SEM images of cycled Al foil (Figure 

S16). Electrochemical measurements were performed on an MPG2 multi-channel workstation 

(BioLogic) using a voltage range of 0.2-2.2 V vs. Al3+/Al. For constant current-constant 

voltage (CCCV) measurements, constant voltage step was applied during charge at 1.2 V vs. 

Al3+/Al. CCCV protocol at 1.2 V had been chosen mainly because it allowed to boost the 

discharge capacity of TiO2 while having high coulombic efficiency during cycling. CV step at 

voltages of > 1.2 V significantly decreased the Coulombic efficiency. On the contrary, CV 

step at voltages of < 1.2 V had a limited contribution to the capacity. The charge storage 

capacity was normalized by the mass of TiO2 NRs. Importantly, although TiO2 electrodes 

were composed of TiN, pVdF and CB additives, the latter have a negligible contribution to 

the charge storage capacity of TiO2 as indicated in Figure S17. TiN was used, as an additive, 

which helps to improve the electronic conductivity of TiO2 electrodes.61

In order to understand whether brookite impurity has any impact on the electrochemical 

performance of anatase TiO2 NRs, we have performed separately electrochemical 



brookite NPs have been synthesized following the procedure reported by Pottier et al.62 (see 

Figure S19 for XRD and TEM images).

Materials characterization. Scanning electron microscopy (SEM) of the as-obtained 

sample was done on a Quanta 200F microscope (Thermo Fisher Scientific) operated at an 

acceleration voltage Vacc = 20 kV. Energy-dispersive X-ray spectroscopy  (EDXS) was 

performed with an Octane SDD detector (EDAX (Ametec)) attached to the microscope 

column. For spectra recording and quantification (ZAF correction), the software Gemini 

(EDAX) was used. The Powder X-ray diffraction (XRD) patterns were recorded using a Stoe 

& Cie Stadi P diffractometer in Debye-Scherrer setup, equipped with a focusing Ge-

monochromator (Cu Kα1-radiation, λ = 1.54059 Å) and a Dectris Mythen 1K silicon strip 

detector. Solution NMR spectra were recorded using Bruker Advance 400 MHz spectrometer. 

Rietveld Refinement of the Pristine TiO2 (Anatase). A Rietveld refinement with GSAS II63 

was performed using the structural parameters of TiO2 in the anatase structure.64 A very small 

peak 30.72° (broad) is assigned to TiO2 in the brookite structure (about 6.3 wt.%, crystallite 

size of 20 nm was assumed). The values for the lattice constants of TiO2 (anatase) are a = 

3.80002 (10) Å, c = 9.5010(2) Å, the cell volume is V = 137.20(1) Å3.  The values for the 

crystallite size were described with an "uniaxial" model, (anisotropic axis [0, 0, 1]) and 

refined to 0.012 and 0.029 µm, respectively.The figures of merit are Rp = 0.024, Rwp = 

0.034, R(F)anatase = 0.028, R(F2)anatase = 0.045, χ2 = 8.679, GOOF = 2.946.

Computational Details. Calculations were carried out using periodic density functional 

theory (DFT) within the Vienna Ab initio Simulation Package (VASP).65-66 The projected 

augmented wave (PAW) method was used to describe the inner cores and electron-ion 

interactions.67-68 The exchange-correlation effects were treated by the Perdew-Burke-Ernzehof 

(PBE) functional with the generalized gradient approximation (GGA).69 A supercell 

containing 108 atoms with 3×3×1 unit cells was modeled for TiO2 anatase.20, 70 To maximize 

computational efficiency without affecting the accuracy of the calculation, a plane wave cut-
14
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off energy of 500 eV and the Monkhorst Pack grid of 5×5×2 were used in all calculations. The 

tetrahedron method with Blöchl corrections with a smearing width of σ = 0.05 eV was used to 

minimize the errors in the Hellmann-Feynman forces. Full relaxation of the supercell volume 

and atom positions was performed until the forces converged to less than 0.1 meV Å-1. All 

structures were optimized with a convergence criterion of 0.01 meV for the energy calculation.
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