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Abstract

The effects of current collectors on the battery performance have significant role, especially in
aqueous electrolyte Al-ion batteries, as corrosion effects lead to rapid capacity degradation over
cycles. To overcome this problem, we present a study investigating the selection of suitable
current collectors and their impact on battery performance. Four different current collectors are
selected for this purpose: stainless steel (SS), nickel foil (Ni), titanium foil (Ti) and graphite
plate (GP). It has been proven by corrosion tests, cyclic voltammetry and charge-discharge
studies that GP is the best current collector by minimizing the corrosion effect and Hz evolution
reaction (HER). The anatase phase TiO- used with GP current collector provides a 249 mAh g
Linitial discharge capacity at a current density of 3A g, while inferior or no electrochemical
activity is observed with Ti, SS, Ni current collectors. The observations here provide insights
into the selection of corrosion-resistant current collectors to achieve stable battery performance

in the field of aqueous electrolyte Al-ion batteries.
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1. Introduction

Currently, Li-ion batteries (LIBs) dominate the marketplace for portable devices or electric
vehicles because of their high energy density. While developments in the field of LIB
technology continue, there are some concerns regarding the use of highly flammable
electrolytes and toxic heavy metals on the cathode side. In addition, the threat of future
depletion of lithium reserves has been the driving force for researchers to look for alternative
chemistries for energy storage systems (1). As a result, in recent years, Li-ion batteries have
gained immense scientific acceptance. As it stands now, the majority of Li-ion batteries are
based on various metal ions such as polyvalent metal ions, such as multivalent-metal ions (Zn?*,
Mg?*, Ca®*, AI*") and alkali metal ions (Li*, Na*, K*) (2). Among these, aluminium offers the
potential to compete with LIBs, providing relatively low cost, safety, ease of use and ability to
allow three electrons transfer (3, 4). At the same time, aluminium is one of the most abundant
metals on earth and its gravimetric and volumetric capacities are comparable to Li (theoretical
gravimetric and volumetric capacities are 2.98 Ah g and 8.04 Ah cm3, respectively) (5). In
addition to that, the ionic radius of AI** (53.5 pm) is smaller than that of the Li* ionic radius
(76 pm) and is therefore a promising candidate when it comes to the intercalation mechanism

in energy storage system (6, 7).

In rechargeable Al-ion batteries (AIBs), development of high-capacity electrode materials and
investigation of suitable electrolytes are important for performance improvement. AIB studies
started more than a decade ago using ionic liquids (ILs) (i.e. AICI/EMICI (1-ethyl-3-
methylimidazolium chloride) electrolytes and aluminium metal as anode (8, 9). These ionic
liquid electrolytes initially encouraged the studies since they provide stable electrochemical
behaviour and high specific capacity with electrodes. However, chloroaluminate ionic liquid
electrolytes have had some challenging issues as they present high cost, moisture sensitivity,
and large volume use (10). The transition from ILs electrolyte to aqueous electrolyte, usually
prepared using AlClz, AI(NO3)s, Al2(SOa)z salts, are better alternatives to IL-based electrolytes
due to their cost-effectiveness, higher ionic conductivity, easy preparation without dependence
on glove box conditions (11). However, the major disadvantage of aqueous electrolyte (AAIBS)
compared to non-aqueous Al-ion batteries is the low energy density resulting from the low
thermodynamic stability of water in the narrow potential window (1.23 V) (12). Thus, unlike
other aqueous electrolyte metal ion batteries (e.g. aqueous zinc ion batteries), due to the low
reduction voltage of aluminium (-1.68 V vs. SHE), the competitive hydrogen evolution reaction

(HER) occurs at the electrode surface (13). Moreover, when aqueous electrolytes are used, the
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problem of corrosion in current collectors arises, causing low discharge capacity and
Coulombic efficiency. In chloride-rich environments, CI™ ions react with the metal substrate,
penetrating the substrate layer and causing corrosion of current collectors (14). Nevertheless,
chloride-based electrolytes have been studied in aqueous Al-ion batteries more often, since
sulfate and nitrate-based aqueous electrolytes show either no or very weak electrochemical
activity (15). To understand the role of CI ions in the field of AAIBs, Liu et al. investigated the
use of TiO, nanotube electrode by adding NaCl to Alx(SOs)s3 aqueous electrolyte. They
observed that the electrode containing only Al2(SOa)s electrolyte showed no electrochemical
activity, while reversible redox peaks were observed with the addition of CI, indicating the role
of CI" ions in the aqueous electrolyte during the intercalation process (16). In a very recent
study, Kumar et al. also investigated the role of CI" in the diglyme solvent electrolyte
(containing AI(OTf)3) in which charge-carrier electrochemical species are generated in the
presence of tetrabutylammonium chloride additive, reducing the charge transfer resistance and
the surface activation energy of the electrodes (17).

Regarding electrode materials in the field of AAIBs, recently VO- (1), V205 (18), anatase TiO:
(19-21), graphite (22, 23), copper hexacyanoferrate (CUHCF, Prussian blue analogues, PBAS)
(24), conductive polymers (25, 26) or organic compounds (27) have been studied as host
electrode materials. Among these electrode materials, the use of TiO2 as an active material is
advantageous because it is non-toxic and has a stable chemistry in which charge carrier ions
easily insert and de-insert into/from the structure in a reversible manner (16). In 2012, Liu et
al. first investigated the AI** insertion into anatase TiO, nanotube arrays anode in 1.0 M AICI3
aqueous electrolyte as an alternative to Al metal. The TiO; film was prepared by anodization
on a metallic Ti collector, which provides maximum electron conduction between the anode
and the substrate. Furthermore, XPS analysis was performed to understand the mechanism of
Al** ion insertion after the electrode was discharged. While Ti**/Ti®* reduction from anatase
TiO2 was responsible for the capacity contribution during the AI** insertion into the TiO>
structure, Ti** was irreversibly reduced to Ti?* (454.9 eV in the XPS spectrum) to maintain the

charge balance leading to the lower initial Coulombic efficiency (19).

The current collector, another very important cell component, strongly influences
electrochemical performance, hence has to be properly selected in the field of Al-based
batteries. For instance, Reed and Menke reported that the corrosive current from an unstable
current collector could be a misinterpretation of redox reactions (28). Oh et al. investigated the

stability of current collectors in aluminum chloride containing 1-ethyl-3-methylimidazolium
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chloride electrolyte. They have observed that while Ni is electro-chemically and chemically
unstable, Mo current collector exhibits fairly stable and reversible redox cycling (29). Later,
Lahan et al. conducted a study investigating the effect of current collectors on electrochemical
activity in aqueous electrolyte system (30). To the best of our knowledge, although there are
few studies in the field of Al ion batteries focusing on the behaviour of current collectors, the
corrosion behaviour of current collectors and corrosion rate measurements via Tafel
polarisation curves and its impact on the electrochemical performance of aqueous electrolyte

Al ion batteries have rarely been considered in detail.

In this study, potential current collectors were screened focusing on their corrosion behaviour
and electrochemical stability. Four different current collectors were selected for this purpose,
namely, stainless steel foil (SS), nickel foil (Ni), titanium foil (Ti) and graphite plate (GP).
Their electrochemical stability was tested in an aqueous electrolyte containing Al salts by cyclic
voltammetry (CV) and potantiodynamic polarization measurements by Tafel extrapolation
method. Later, TiO., as one of the most promising anodes, was synthesized to further emphasize

the effect of current collector performance in 1.0 M AICls aqueous electrolyte.

2. Experimental

2.1. Materials and methods

The titanium (I1V) isopropoxide (Sigma Aldrich) was used as a precursor for TiO2 synthesis. 1.4
ml of titanium (IV) isopropoxide was dispersed in 50 ml of ethanol for two hours at room
temperature. This mixture was then added dropwise into 50 ml of deionized water and stirred
with a magnetic stirrer for 2 hours. The resulting white precipitate was washed with distilled
water and ethanol and dried in an oven at 80 °C overnight. It was then calcined under air at 400

°C for 4 hours to obtain the desired stable crystallographic structure (30).

Morphological characterizations of the current collectors and TiO2 were investigated by
scanning electron microscope (SEM Philips XL30). X-ray diffraction, XRD (Bruker D8
diffractometer 20 mode, Cu Ka radiation, A = 1.5406 nm) patterns of the samples were recorded
in the range of 20 = 10-70°. The Scherrer equation for the calculation of the crystallite size and
the Bragg equation for the interplanar spacing (d-space) of the synthesized anatase TiO. were

used using OriginPro Software multiple peak analyzer based on full width at half maximum



(FWHM). TEM/HR-TEM (JEOL JEM 2100F) was used to observe the structure of synthesized
TiOz particles.

2.2. Electrochemical Measurements

Electrochemical measurements of the bare current collectors SS (AISI 316, Fe/Cr1g/Ni1o/Mos,
0.05 mm, Goodfellow, France), Ni (%99.99, 0.25 mm, Goodfellow, France), Ti (ASTM 265,
0.125 mm, Marmara Titanium, Turkey), GP (>%99, sheet, 0.55 mm, Graftech, Turkey) were
carried out by cyclic voltammetry (CV) in 1.0 M AICI3 (pH = 2.86) aqueous electrolyte at a
5mV/s sweep rate. These tests were performed in a 3-electrode configuration in beaker cell
using platinum as counter electrode and Ag/AgCl (3.5 M KCI) as reference electrode. The
electrolyte volume of 10 ml was kept constant in each experiment. The area of the current
collectors is 1.0 cm?.

Both CV measurements and potentiodynamic measurement (linear polarization resistance-
LPR) were performed using a Biologic VMP-3 potentiostat and EC-Lab software to investigate
the corrosion behaviour of the current collectors. The polarization curves of the current
collectors were fitted using the Tafel extrapolation method in the voltage range from 1.0 to -1.0
V at a scan rate of 1 mV s in 1.0 M AlCls aqueous electrolyte. The scans were started from the
negative towards the positive polarization. All experiments were performed at room

temperature and in a 3-electrode cell configuration as described above.

After the electrochemical stability of the bare current collectors was determined by CV and
LPR, the synthesized TiO: active electrode material was tested. The electrodes were prepared
using 80% active material, 10% Carbon SP conductive additive and 10% polyvinylidene
fluoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP) solvent. Then the electrode slurry
was casted onto each current collector (1 cm?) and dried for 4 h at 60 °C. The working electrode
contains 1.5 mg of active material with a coating thickness of ~30 um. Galvanostatic charge-
discharge measurements were performed in a 3-electrode cell configuration over an operating
voltage range from -1.13 to -0.2 V and a constant current density of 3.0 A/g. An Ag/AgClI (3.5
M KCl, satd” AgCl) electrode was used as reference electrode and graphite as counter electrode

in 1.0 M AICIs aqueous electrolyte.
3. Results and Discussion

Prior to the electrochemical performance measurements, the pH and conductivity studies were

performed to select the appropriate electrolyte. lonic conductivity and pH measurements of



aqueous electrolytes prepared with various concentrations of aluminium salts (AlICls, AI(NO3)s,
Al>(SO4)3) are given in Supporting Information Figure S1. As expected, ionic conductivities
are observed to increase with increasing concentration for all three electrolytes. However, the
ionic conductivities of the electrolytes containing AICIz and AI(NOz3)s salts are higher and do
not show a significant difference, while the ionic conductivity and pH of the Al>x(SOa4)3
electrolyte are much lower. One of the issues is the solubility of Al>(SOs)z at higher
concentration, i.e., more than 0.5 M Alx(SOa)3, the electrolyte needs to be heated to dissolve
and the measurements were performed after cooling at room temperature. Lahan and Das
studied the (de)intercalation of AI**ion in aqueous electrolytes prepared with different Al-salts
using MoOs electrode (31). They showed that the first discharge capacity of the AI(NOz3)3
containing electrolyte achieved an extraordinary value (such as ~21 Ah g*) while it causes the
cell to fail in the following cycles due to the strong oxidizing nature of the NO* anion. On the
other hand, AICI; provided higher AI** ion storage capacity, long-term stability and greater
capacity retention than Al2(SO4)3 and AI(NO3)s with minimum polarization. It is obvious that
the optimisation of electrolyte plays a critical role in the development of rechargeable aqueous
electrolyte AIBs and therefore pH also needs to be considered (31). It has been reported that
metal oxides such as TiOz in acidic media can host H* as well as AI** ion to charge balance at
low pH (32) and it is generally accepted that proton (de-)insertion in strongly acidic media
(pH~2) is a common feature of mesoporous TiO2 films (33). Based on the pH and ionic
conductivity effects on the electrochemical performances (i.e., TiO.), a 1.0 M AICls aqueous

electrolyte was chosen for further analysis.

Cyclic voltammetry (CV) tests were performed at a scan rate of 5mV/s in 1.0 M AICI3 aqueous
electrolyte to characterize the electrochemical stability of four different collectors (GP, Ni, SS,
Ti) (Figure 1). Figure 1 (a-b) shows that when Ni and SS current collectors operated in the
voltage range (-1.2 - 1.0 V), hydrogen evolution was immediately noticeable on the surface of
both current collectors. With the start of the CV, it was clearly seen that the SS
dissolved/corroded and electrolyte colour became greenish demonstrating that these two current
collectors are not suitable for aqueous electrolyte Al-ion battery. According to the CV
measurements of the Ti and GP current collectors in the same voltage range as shown in Figure
1(c-d), both of them demonstrated no degradation and discoloration in the electrolyte. In Figure
le, the CV performances of the 4 current collectors are gathered in a single graph for
comparison. The cathodic potential region of the CV curves (marked as dotted lines) were

enlarged as insets, which clearly show that Ti and GP are the most stable among the 4 current



collectors in the desired operating voltage range of (-1.2 - 0.5) V. H> formation on current
collectors can also be explained by the volcano plot, a useful descriptor of hydrogen evolution
activity for various metals, which shows the relationship between the observed exchange
current density and hydrogen bond adsorption strength, where the exchange current densities

of SS and Ni are much higher than those of Ti, indicating lower H> formation on Ti current

collector, in agreement with literature reports (12, 15).
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Figure 1. First CV profiles scanned between -1.2 — 1.0 V at 5mV s scan rate in 1.0 M AICl3

of a) SS, b) Ni, ¢) Ti, d) GP current collectors and e) comparison of current collectors.

After the CV measurements, the current collectors were characterized by SEM to detect their
morphological changes as shown in Figure S2. As supported by the SEM images, cracks are
clearly visible on the SS and Ni surfaces, while minimal changes were observed on the GP and
Ti current collectors. The corrosion behaviour of Ti, Ni, SS and GP was investigated in a three-
electrode cell configuration in 1.0 M AICI3z aqueous electrolyte (pH = 2.86). In order to
determine the corrosion rate of the current collectors in aqueous electrolyte, polarization curves
were obtained by LPR measurements, and the experimentally obtained polarization curves (log
[I] vs. Ewe) near the corrosion potential were fitted by applying Tafel extrapolation (Figure 2).
SS current collector started to deteriorate rapidly and dissolved in the electrolyte, causing the
electrolyte colour change to light blue/green together with the strong hydrogen evolution
reaction (Figure S3a). Meanwhile, pitting corrosion also occurred on the SS surface in the
presence of CI ions in the electrolyte. The main factor causing pitting corrosion is the

breakdown of the passivity layer (i.e., oxide film layer on the steel surface) and can also occur



autocatalytically in nature (34-36). Herein, the presence of highly oxidizing agents such as
chloride ions has a destructive effect on the electrode, which can be seen in SEM images
(Figure S2).

Looking at the Figure S3b for Ni collector, electrochemical measurement stopped at 0.3 V and
was not able to reach the 1.0 V cut-off voltage. Similar to the SS current collector, the
electrolyte colour was also changed to light blue/green. These behaviours were supported by
their CV responses presenting that SS and Ni are not suitable current collectors for the acidic
environment in 1.0 M A ICl3 electrolyte. Conversely, when GP was used, a positive shift in the
corrosion potential of GP evidences that it acts as a barrier against the oxidizing power of the
medium, thus reducing the corrosion tendency (37). Considering the Ti current collector, even
though there is a slight negative shift in the corrosion potential, the corrosion current as a

measure of corrosion rate is lower than the other two current collectors (SS, Ni).
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Figure 2. a) Tafel extrapolation fitting curves of current collectors, b) Comparison of corrosion

rates and polarization resistances calculated by Eqg. (1)

The Stern-Geary equations (Eq. 1-2) describes the relationship between the polarization

resistance and the corrosion current (34, 38).

_ BapBc
"~ 2.303x(Ba+pBc) (Ea. 1)




. B
leorr. = E (Eq. 2)

B term is the Stern-Geary constant, Ba is the anodic Tafel constant, fc catodic Tafel constant,

Rp is the polarization resistance (ohm cm) and icorr. is the corrosion current value (LA cm™).

The corrosion potential, anodic Tafel constant (Ba), cathodic Tafel constant (fc), corrosion
current and polarization resistance of current the collectors are reported in Table 1. The fit of
the raw Tafel data was adjusted with EC-Lab software. Anodic, cathodic constants (Ba, Bc),
corrosion voltage (Ecorr) and corrosion current (icorr.) values were calculated with equivalent
mass and density values given in ASTM standards (ASTM Standards - G102) (39). The
corrosion current value, which is a measure of the corrosion rate, was calculated in pA/cm? and
then converted to the mm per year (mmpy) considering the equivalent weight and density of
the corresponding current collector materials (Table 1). According to the corrosion rate, Ti and
GP current collectors have low corrosion rates and high polarization resistance, while Ni and
SS have high corrosion rates and very low resistance. As can be clearly seen from Table 1, the
corrosion current value and therefore the corrosion rate of GP is much lower than the others.
The corrosion resistance of the graphite current collector is quite high compared to other current

collectors, which could be the reason for the low corrosion tendency.

Table 1. Tafel extrapolation fitting corrosion parameters.

Nickel Titanium Stainless Steel Graphite
Ba(mV) 423 259.4 50.3 254.5
Be (mV) 223.6 74.0 4933 237.6
Ecor (mV) -300.817 -403.694 :316.73 403.486
Leor. (A cm?) 6.481 0.667 8.4 0.360
Ry (Polarization 7.5-10° 37.36:10° 2.3610° 148.4-10°
Resistance)
Corrosion rate 0.067 0.0058 0.103 0.0063
(mmy™)

In order to further examine the effect of current collectors, TiO; electrode was used as a suitable
active material for Al-ion batteries (40, 41). The morphological aspects of the TiO2 sample were
investigated by SEM in Figure 3(a-b). According to the SEM images, uniform spherical
textures with different sizes can be clearly observed. X-Ray diffraction analysis was performed

to determine the crystal structure of TiO2 synthesized in Figure 3c. The diffraction peaks are



positioned at 26 values of 25°, 38°, 47.8°, 53.9°, 55°, 62.7°, 68° which can be indexed as (101),
(004), (200), (105), (204), (220) and (215) crystalline planes of anatase phase TiO., (JCPDS
No: 21-1272) (19, 31). All these peaks are in agreement with the crystal structure of the pure
anatase phase of TiO2. From Scherrer and Bragg equation, the particle crystal size and (101)
plane d-spacing were observed to be around 10.1 nm and 0.349 nm, respectively. From the
TEM and HR-TEM images in Figure 3(d-f), it can be observed that TiO. was successfully
obtained with uniform interconnected spherical nanoparticles, as supported by the SEM images.
The selected area electron diffraction (SAED) patterns provided information about the lattice
spacing of TiO2, which was calculated to be about 0.348 nm corresponding to the (101) plane.
Moreover, the SAED patterns show that the TiO anatase phase is represented by the planes
(101), (004), (200), (105), (204), (220), referring to the crystal structure of the Miller Index as
given in Table S1.

Intensity (a.u)

o)
1
| A A
JCPDS No: 21-1272
10 20 30 40 50 60 70

2 Tetha (Cu Ka)

Figure 3. SEM images of synthesized anatase TiO-, a, b) at different display sizes, ¢) X-ray
diffraction pattern of synthesized anatase phase of TiO, d, e, f) TEM, HR-TEM, g) SAED

(selected area electron diffraction) analysis of synthesized anatase TiO-.

Galvanostatic charge-discharge performances and cyclic voltammetry experiments were
performed in a 3-electrode system in 1.0 M AICIs aqueous electrolyte at a scan rate of 5mV s
! with a graphite counter electrode and Ag/AgCl reference electrode. The voltage (V) vs current
(mA/cm?) curves of TiO, coated on different current collectors are shown in Figure 4. The
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reduction and oxidation peaks at approximately (-1.06 and -1.02) V and (-1.06 and -0.98) V,
respectively, can be observed with GP electrode and the peaks can typically result from Al
ion and/or proton insertion depending on the acidity of the electrolyte (42, 43). The effect of
proton insertion on the charge storage mechanism at different pH values is beyond the scope of
this study. Regarding the Ti current collector, no redox peaks were detected for the TiO>
electrode on Ti, since the operating voltage was not able to go into the more negative voltage
range. Looking again at the CV plots presented in Figure 1, it can be seen that the bare Ti
current collector cannot go further down to negative voltage and hydrolysis of water starts after
about (-0.5 V), which is supported by the sharp drop in current values. The tests of TiO2 on SS
and Ni (Figure 4c, d) showed a similar trend to the CV measurements obtained with the bare
current collectors (Figure 1), the system was able to operate for 2 cycles and then stopped

cycling due to intense Hz outgassing.
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Figure 4. Cyclic voltammetry (CV) curves of synthesized anatase TiO2 on a) GP, b) Ti, c) SS,

e) Ni current collectors.
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The galvanostatic charge-discharge specific capacity performances and Coulombic efficiency
of TiO2 deposited on the GP current collector are shown in Figure 5. Electrochemical
performances were performed in a 3-electrode cell arrangement at a current density of 3 A/g
with 1.0 M AIClIs. In Figure 5a, the C-rate performance of TiO2 on GP was tested over a voltage
range of (-1.13 and -0.2) V for 10 cycles low current density (3 A g%) to higher current density
(20 A g). The first discharge capacity value was around 288 mAh g at a current density of 3
A g and the capacities were dropped upon testing at higher current rates over 50 cycles. After
C-rate measurement, longer cycle performance was tested at the current of 3 A g* (Figure 5b).
An initial discharge capacity of 249 mAh g was achieved, which dropped to a discharge
capacity of 105 mAh g over 50 cycles, with a Coulombic efficiency of 73.9 %. As can be
observed, aqueous electrolyte Al-ion batteries with TiO> electrodes suffer from low Coulombic
efficiency, which is also addressed in other studies in the literature (19, 44, 45). The main
reasons for the low Coulombic efficiency can be explained as the formation of H» as a side
reaction on the current collectors and the irreversible reduction of Ti** cation to Ti?* during the
charging process (45). No specific capacities were achieved with the SS and Ni current
collectors during the galvanostatic charge-discharge performances while a poor electrochemical
activity was obtained on Ti and H. formation was observed as the voltages decreased to
negative values (Figure S4). When the current collectors were photographed after galvanostatic
charge-discharge tests (Figure S5), Ti and GP current collectors remained unchanged, while
SS and Ni showed significant degradation. The corrosion parameters of TiO2 containing GP
and Ti current collectors before and after 50 cycles were also compared. Figure S6 shows that
the corrosion voltages in both TiO2 containing current collectors are shifted to the left, which
means that the resistance to the oxidizing power of the environment to form a barrier decreases
as the cycling increases (37). When the corrosion current values were analyzed, an increase was
observed at the 50" cycle compared to the pre-cycle corrosion currents, indicating an increased
tendency of the electrodes to corrode during cycling. Table S2 shows the comparison of
corrosion parameters for GP and Ti current collectors. There is an increase in the corrosion
current values as a result of the cycling, but the corrosion current of the GP current collector
after cycling is still small compared to Ti. It means that GP corrosion resistance is greater than
that of the Ti current collector. As a whole, the present study confirms that synthesized TiO-
electrode is a promising anode material for AAIBs, in comparison to recent studies on the
electrochemical performances of TiO electrodes in aqueous electrolyte Al-ion batteries (Table

S3). Moreover, the current collector’s significant effect on the cell performances is
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systematically investigated, where the graphite plate outperformed the other Ti, Ni and SS
current collectors.
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4. Conclusion

In this study, the electrochemical performance and corrosion behaviour of current collectors for
aqueous electrolyte Al-based energy storage systems were investigated. Corrosion tests, CV
measurements and galvanostatic charge-discharge performances have shown that current
collectors have an important place to improve the electrochemical performance of AAIBs. The
electrochemical behaviour of SS, Ni, Ti and GP current collectors was first determined by CV.
Second, corrosion behaviours were investigated with LPR using Tafel extrapolation method.
To evidence clearly the effect of the current collectors, TiO2 active material, synthesized by a

13



sol-gel method, was employed as an electrode material on four different types of current
collectors. Overall, through corrosion tests, cyclic voltammetry and charge-discharge studies,
GP is proven to be a favourable choice by minimizing the corrosion effect and HER. Finally,
the TiO2 electrode on GP current collector provides a discharge capacity of 249 mAh g, while
Ti current collector resulted in a less significant electrochemical activity. Conversely, the use
of SS and Ni current collectors were reported to be unsuitable for AAIBs due to their corrosion

tendencies and low electrochemical stability.
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Figure S2. SEM images of current collectors, before and after CV measurements in 1.0 M
AICl3z: GP, Ti, Ni, SS (from up to down, respectively).
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Figure S5. Images of TiO> coated SS, Ni, Ti and GP current collectors demonstrating the

macroscopic changes in electrolyte after galvanostatic charge-discharge experiment in 1.0 M
AICl3 containing aqueous electrolyte.
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Table S1. Lattice spaces attributed to the Miller Index of anatase TiO2 from selected area
electron diffraction (SAED).

d-space Miller Index
-1 -1
1/2r (nm™*)  1/r (nm™?)  r(nm) A) (hkI)
1 5.973 2.987 0.335 3.348 101
2 8.441 4.221 0.237 2.369 004
3 10.621 5.311 0.188 1.883 200
4 11.928 5.964 0.168 1.677 105
5 13.605 6.803 0.147 1.470 204
6 14.982 7.491 0.133 1.335 220
1.0 13 To,-TiC Collector Before Cycli
51 8) 7 o st s g 20] Rl T memem G ey
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. (@]
L2 40
4.0 &
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8 ] .
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Voltage/V vs Ag/AgCI (3.5M KCI)
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Figure S6. Tafel extrapolation fitting curves of TiO> containing Ti and GP current collectors,
a) TiO2 containing GP current collector before/after cycling b) TiO2 containing Ti current

collector before/after cycling.

Table S2. Tafel extrapolation fitting corrosion parameters of TiO> containing GP and Ti current

collectors at before/after cycling.

Ti before cycle UL acf;i:'e50th GP before cycle Ch 23;2 507
Pa (mV) 133.1 448.7 163.7 314.8
e (mV) 122.6 119.5 291.0 290.2
Ecor. (MV) -270 -383 723 186
leorr. (WA cm?) 0.472 3.03 1.02 2.70
Sp((ElET2 e 58.7-10° 13.5-10° 44.65-10° 2431103

Resistance)
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Table S3. An electrochemical performance comparison of TiO. electrodes for aqueous

electrolyte Al-ion batteries.

Current Current Discharge Efficiency
Electrode Electrolyte Collector Density Capacity (%) Ref.
Anodic A?%g (1)\/[ )
treated 204 Ti foil 4mA cm™ 74.5 mAh g’! N/A (15)
. 1.5 M NaCl
TiO2-NTA !
mixed soln.
TiOZ, -1
anatase LOM Ti foil 4mA cm™ 75 mAh g N/A (18)
AlICI3 (14 cycles)
nanotube
23.1 mAh g'!
-1
1LOM 0.2 - IQAg (60 cycle_s1 at 1.0 96.2
Treated- Carbon (various Ag) 20)
. AlICl3/1.0
TiO2 MKCI polymer current 99.95
densities) 153 mAh g'!at '
10Ag!
183 mAh g'! at
0.15C
. 1.0M Nickel 0.15C and (initial capacity) (19)
TO-NSs iy disks 6.0C NA
108 mAh g'! at
6.0 C (initial)
. 1.OM Nickel 1C 170 mAh g_l (29)
TIO/CNT 04 disks  (335mAgl) (100 cycles) 999
140 mAh g'!
(20 cycles) ~48
TiO2, 1.0M Graphite 1 Y
4A g 43)
anatase AlCl3 1
Ti foil 35 mAh g ~50
(30 cycles)
Ti-deficient O M  Tantalum 64 mAh g
rutile Ti0,  ACWL0 RS 3Ag’ (110 eycles) =30 “
?  MNaCl y
249 mAh g!
TiOz2, 1.0M Graphite 3A o] (initial) 739 Present
anatase AICI; plate & 105 mAh g (50 ' work
cycles)
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