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Abstract Aqueous rechargeable lithium-ion batteries

(ARLBs) use aqueous electrolytes, which create conditions

where corrosion may occur when aluminum is used as the

current collector. The electrochemical stability of AA1085

in 2 M Li2SO4 and 5 M LiNO3 aqueous electrolytes was

evaluated over a range of pH conditions by cyclic

voltammetry, linear sweep voltammetry, and chronoam-

perometry. Aluminum presented high corrosion resistance

at pHs 5, 7, and 9 within the stability windows of both

electrolytes. At the pH 11 condition, 2 M Li2SO4 is capable

of inhibiting aluminum from pitting but the inhibiting

effect is not sustainable and crystallographic pitting occurs

under a continuously applied anodic potential. Aluminum

was well passivated against pitting in 5 M LiNO3

electrolyte at pH 11 due to the formation of a thick cor-

rosion product barrier layer. Raman spectra depicted the

presence of sulfate and nitrate anions on aluminum surface

after cyclic voltammetry at pH 11. Inductively coupled

plasma results showed that the amount of dissolved alu-

minum in electrolyte after cyclic voltammetry increases

when pH increases from 5 to 11. The chemical adsorption

mechanisms of sulfate and nitrate anions on aluminum

were proposed to explain the dependency of electrochem-

ical stability of aluminum on pH, anodic potential, and type

of anions. The applicability of aluminum as current col-

lector in ARLB using the 2 M Li2SO4 and 5 M LiNO3

electrolytes is discussed.
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1 Introduction

Lithium-ion batteries are considered as one of the most

promising power sources for electric vehicles and large-

scale energy storage applications. Commercial lithium-ion

battery uses organic electrolytes, which provides a wide

stability window of around 4 V. However, the organic

solvents in the electrolyte are highly toxic and flammable,

which raises significant safety concerns in the case of

improper uses, such as overcharging or short-circuiting [1].

An alternative approach to the organic-based lithium-ion

battery is aqueous rechargeable lithium-ion battery

(ARLB), which was first introduced by Dahn’s group in the

1990s [2]. The use of aqueous electrolytes brings several

benefits. It eliminates the safety issues caused by the

organic electrolytes and is much more environmental

friendly. Additionally, the conductivity of aqueous elec-

trolytes is around 1 S cm-1, which is orders of magnitude

higher than the typical organic electrolytes containing

LiPF6. This allows higher round-trip efficiency and more

flexible design of electrodes whose design thickness is

often limited due to the low conductivity of the organic

electrolytes. Using aqueous electrolytes could also elimi-

nate the strict humidity controlled assembling environment

required for traditional organic electrolytes thereby

reducing manufacturing costs [3–5]. ARLB has not been

commercialized primarily because of the narrow stability

window of aqueous electrolytes, which limits energy den-

sity of the battery. The theoretical stability or operating

window of an aqueous solution is 1.23 V, although the

stability window was found extended to 2 V or wider due

to kinetic barrier effects [6, 7]. However, the aqueous-

based battery has attracted more attention recently because

the advantages of ARLB make it very competitive for

large-scale stationary energy storage applications where

the energy density of the system is not a primary perfor-

mance target [8, 9].

Aluminum is preferred as the current collector material

in energy storage systems such as lithium-ion batteries and

super capacitors partially because of its particular physical

properties such as low density, high conductivity and low

cost [10]. Degradation of the aluminum current collector

may occur in organic electrolytes. For instance, serious

corrosion was found on aluminum current collectors when

lithium bis(trifluoromethanesulfonyl)imide [LiN(CF3-

SO2)2] was used as the electrolyte salt due to its acidic

nature [11]. Corrosion of the current collector would sig-

nificantly degrade the battery performance in the following

ways: (i) it reduces the effective interfacial area between

electrolyte and cathode electrode, (ii) solid corrosion

products might deposit on the electrode and increase the

internal impedance of battery, (iii) the dissolved species,

Al3? for instance, would contaminate electrolytes, increase

self-discharge rate and impair the stability of electrodes

[12–14]. Evaluating the corrosion resistance of the alu-

minum current collector in potential electrolytes is needed

to design for battery safety and long-term performance. In

the past decade, the focus of research in this area was on

the corrosion behavior of aluminum current collectors

under the influence of organic electrolyte chemistries,

including the effects of various lithium salts, electrolyte

solvent, and cathode materials [12, 14–20]. To the best of

our knowledge, no evaluation has been made on the elec-

trochemical stability of aluminum current collectors in

ARLB electrolytes. Recent work has identified both 5 M

LiNO3 and 2 M Li2SO4 as high performing aqueous elec-

trolytes tested at pH 7 [21]. The reported pH values of

aqueous electrolytes range from 5 to 11 so as to maintain

the stability of various cathode materials, which add con-

cerns on the risk of possible corrosion of the aluminum

current collector at the higher end of the pH range [9].
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Some authors speculated that the existence of sulfate and

nitrate anions could inhibit the pitting corrosion of alu-

minum in aggressive aqueous solution by competitive

adsorption [22]. An examination of the stability of alu-

minum in ARLB aqueous electrolytes over a range of pH

values is needed to define an acceptable application win-

dow. In the present paper, the effects of pH value, applied

potential and the type of anions in aqueous electrolyte on

the corrosion behavior of aluminum current collector are

presented. The electrochemical stability of aluminum foils

in 2 M Li2SO4 and 5 M LiNO3 ARLB electrolytes is

examined and the management of component corrosion

during the design of energy storage systems is discussed.

2 Experimental

2.1 Electrolyte preparation

The electrolytes with different concentration and pH value

were prepared in three steps. First, an aqueous solution

with target pH value was prepared by dissolving specific

amount of LiOH or acid into distilled water. The acid used

to adjust the pH was sulfuric acid (Macron) for the Li2SO4

electrolyte and nitric acid (Acros Organics) for the LiNO3

electrolyte. The specific weight of electrolyte salts, 2 M of

Li2SO4 or 5 M of LiNO3 equivalent, was added into the

solution at room temperature and magnetically stirred until

the salts were completely dissolved. To eliminate the effect

of liquid volume expansion after the salt addition, the pH

of the solution was adjusted again to the target value by

gradually adding lithium hydroxide or acid until the

expected pH value was achieved. The pH values of elec-

trolytes were measured using a Mettler FE20 Ag/AgCl pH

electrode.

2.2 Electrochemical measurements

Electrochemical tests were conducted using a PARSTAT-

4000 in a plate material evaluating cell (BioLogic Science

Instruments), which allows a constant electrode area of

0.5 cm2. Ag/AgCl with saturated KCl (0.197 V vs. SHE)

solution was used as the reference electrode. The reference

electrode was separated from the body of the cell using a

Gamry reference electrode bridge tube with Vycor tip to

prevent possible contamination from the reference elec-

trode. The tip of the bridge tube was placed close to the

working electrode to minimize the IR drop. Platinum wire,

which served as the counter electrode, was shaped into a

coil so a surface area approximately twice that of the

working electrode was provided. Before each test, the

platinum counter electrode was washed and cleaned

repeatedly in dilute nitric acid followed by a rinse with

distilled water. To determine the stability window of the

electrolytes, linear sweep voltammetry (LSV) was per-

formed using high-purity platinum foil as the working

electrode scanned at 1 mV s-1 sweep rate from open cir-

cuit potential (OCP) either anodically or cathodically until

gas evolution occurred. AA1085 foils of thickness 20 lm

were evaluated in each electrolyte solution. The composi-

tion of AA1085 is presented in Table 1. AA1085 is a

commercial purity aluminum alloy, which is commonly

used as current collector in commercial lithium-ion bat-

teries [23]. As-received foil samples were rinsed with

isopropyl alcohol and acetone and air dried prior to testing.

Cyclic voltammetry was carried out by stabilization first at

OCP for 2.5 h, followed by four consecutive voltammetry

cycles, starting from the negative vertex to the positive

vertex of the electrolyte stability window at a 5 mV s-1

scan rate. LSV was performed by scanning from OCP to

2 V at 1 mV s-1. Chronoamperometry was taken at an

anodic potential of 0.85 V for 24 h. Each measurement

was performed three times using freshly cleaned aluminum

samples and the representative results were reported. After

the electrochemical tests, the aluminum electrode was

immediately removed from the cell, gently rinsed with DI

water, and dried using a gentle stream of nitrogen. All

potential values are reported versus Ag/AgCl, saturated

KCl scale.

2.3 Inductively coupled plasma

To further provide information on the corrosion of alu-

minum, the electrolyte after cyclic voltammetry was ana-

lyzed for dissolved Al3? by inductively coupled plasma

(ICP) using a Perkin Elmer optima 2100DV ICP-OES

spectrometer. ICP multi-element standard solutions con-

taining 10 and 1000 ppm aluminum were used to prepare a

blank and five calibration standards of 0.01, 0.1, 1, 10, and

100 ppm aluminum. These solutions were prepared by

diluting the ICP multi-element standard solution with 0.2%

HNO3 in Millipore de-ionized water.

2.4 Mass spectrometer

Mass spectrometer (MS) was used to analyze the compo-

sition of the gaseous products generated by the reactions

between aluminum and aqueous electrolyte after cyclic

voltammetry. The MS analyses were carried out with a

Hiden HPR-20 atmospheric gas analysis system. The initial

conditions for the electron ionization source were set to

70 V electron-energy and 200 lA emission current. Prior

to CV tests, the electrochemical cell was purged with

purified argon to remove nitrogen gas for 30 min. Then the

composition of the gas within the electrochemical cell was

analyzed with MS as the control sample. During CV tests,
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the electrochemical cell was completely sealed so any

gasses generated as a result of reactions between AA1085

foil and aqueous electrolyte collect within the electro-

chemical cell. After CV, the accumulated gas in the elec-

trochemical cell was allowed to flow into the MS for

composition analysis.

2.5 Surface characterization

The surface morphology of the electrodes after cyclic

voltammetry and chronoamperometry was examined with a

Hitachi S-4800 scanning electron microscopy. Raman

spectroscope microscopy was performed using a Renishaw,

Inc. 1000B. The Raman spectrum was excited by a helium–

neon laser producing highly polarized light at 633 nm and

collected in the range between 200 and 4000 cm-1. The

spectra were calibrated using the 519.5 cm-1 of a piece of

silicon wafer. Raman spectrum was acquired with a 10 s

integration time and the power at the sample was 10 mW.

3 Results and analysis

3.1 Electrolyte stability window

LSV was used to measure the stability window of elec-

trolytes at various pH values. The LSV curves obtained in

2 M Li2SO4 at pH 7 using platinum foil as the working

electrode is shown in Fig. 1. EO and EH denote the onset

potentials at which oxygen and hydrogen evolution,

respectively, occurs in LSV. The measured onset gas

evolution potentials and the stability window of elec-

trolytes at pH values ranging from 5 to 11 are presented in

Table 2. In Fig. 2, the measured results are compared to the

equilibrium stability window of 2 M Li2SO4 and 5 M

LiNO3 aqueous solutions calculated from the Nernst

equation as follows:

EHþ=H2
¼ E0

Hþ=H2
� 0:059 � pH; ð1Þ

EO2=H2O ¼ E0
O2=H2O � 0:059 � pH: ð2Þ

All electrolytes exhibited overpotential due to the

effects of kinetic barriers. The kinetic barriers are associ-

ated with making and breaking chemical bonds in the

electrolysis of water, which increases the voltage required

to split water at electrode/solution interface relative to the

thermodynamic voltage calculated from Nernst equation

[7]. At a constant electrolyte concentration, the overpo-

tentials varied at different pH values. The span of the

stability window was widest at the neutral condition and

became narrower at pH conditions that deviated from the

neutral value. The apparent dependence of stability win-

dow span on the pH value is consistent with the stability

window results obtained by Wessells et al. using a constant

current measurement method [24]. The stability windows

depended primarily on the oxygen overpotential which

varied with pH. The hydrogen overpotential did not con-

tribute as significantly to the stability window though it

deviated to more negative values at pHs 5 and 7 and it

almost overlapped with the theoretical hydrogen evolution

potentials at pHs 9 and 11 conditions.

3.2 Cyclic voltammetry

Cyclic voltammetry tests were performed to evaluate the

stability of the AA1085 foil within the obtained stability

windows of the aqueous electrolytes. The stabilized OCPs

of aluminum measured in the aqueous electrolyte are pre-

sented in Table 3. It was noticed that in 2 M Li2SO4

electrolytes at pHs 5 and 7, and in the 5 M LiNO3 elec-

trolyte at pH 5, the OCP was within the stability window

and anodic relative to the stability window for other elec-

trolytes. Figures 3 and 4 show the cyclic voltammetry

curves measured from the first cycle to the fourth cycle. In

both Li2SO4 and LiNO3 electrolytes, non-reversible
Fig. 1 Linear sweep voltammetry measured on Pt foil in 2 M Li2SO4

electrolyte at pH 7

Table 1 Composition of

AA1085 current collectors used

in lithium-ion batteries

Grade Composition specification (maximum values, in wt%)

AA1085 Si Fe Cu Mg Zn Ga V Other (each) Al (minimum)

0.1 0.1 0.03 0.02 0.02 0.03 0.05 0.01 99.85
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oxidation peaks were present in the first cycle but the

oxidation peaks diminished or receded in the following

three cycles. No cathodic peak was found in the reverse

scan and there were wide current plateaus in both positive

and negative scans indicating that the aluminum surface

remained well passivated within the scan range.

In the 2 M Li2SO4 solutions of pHs 7, 9, and 11,

(Fig. 3), the current density started to increase sharply in

the first cycle at a specific voltage during the positive

scan, followed by slight drop after a peak value was

achieved and then remained at near-constant values until

the positive vertex potential of the stability window. In

pH 5 Li2SO4 solution, AA1085 had slightly different

behavior as the current continued to increase at a slower

rate after the initial peak was reached. Although the

current densities at different pH values were around the

same scale, it is evident that the peak positions shifted in

the negative direction when the electrolyte solution

became acidic or basic.

In the 5 M LiNO3 solutions (Fig. 4), aluminum exhib-

ited a similar first cycle oxidation behavior as in 2 M

Li2SO4 solutions except at pH 11. The current densities in

solutions at pHs 5 and 9 were slightly larger than that at pH

7 but they remained similar. The aluminum exhibited a

remarkably different rate of oxidation at pH 11. The cur-

rent increased sharply beginning from the negative vertex

of the scanned potential range. The current density reduced

after each cycle but remained around 10-5 A cm-2, which

was one order of magnitude higher compared to that at pHs

5, 7, and 9. The peak positions did not show the same pH

dependency as in the 2 M Li2SO4 solutions, although the

oxidation peak position at pH 11 had the most negative

value.

Fig. 2 Hydrogen and oxygen gassing potentials of a 2 M Li2SO4 and

b 5 M LiNO3 electrolytes measured on Pt foil by LSV compared with

theoretical values

Table 3 Average open circuit potential and standard deviation for

aluminum in test electrolytes

Electrolytes pH Average OCP (V) Standard deviation

2 M Li2SO4 5 -0.647 0.03

7 -0.629 0.05

9 -0.858 0.026

11 -1.083 0.159

5 M LiNO3 5 -0.726 0.113

7 -0.882 0.014

9 -0.763 0.014

11 -1.058 0.024

Table 2 Hydrogen and oxygen

gassing potentials of

electrolytes measured by LSV

on Pt foil

Electrolytes pH EO (V) Standard deviation EH (V) Standard deviation Stability window (V)

2 M Li2SO4 5 1.1 0.042 -0.668 0.041 1.768

7 1.25 0.026 -0.73 0.022 1.98

9 1.202 0.046 -0.733 0.016 1.935

11 0.88 0.022 -0.83 0.020 1.71

5 M LiNO3 5 1.017 0.033 -0.731 0.024 1.748

7 1.373 0.071 -0.712 0.018 2.085

9 1.261 0.043 -0.722 0.016 1.983

11 0.887 0.034 -0.898 0.016 1.785
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The current plateaus in the cyclic voltammetry curves in

both electrolytes reflect the concurrent dissolution and

passivation phenomenon on the aluminum surface [20].

Dissolution starts when the current density increases due to

the attacking of aggressive ions on aluminum, and passi-

vation occurs right after the current density peaks. It is

evident that the dissolution–passivation of aluminum fol-

lows a pH-responding mechanism in the 2 M Li2SO4

solution. When pH deviates from the neutral condition,

both the dissolution and passivation processes are more

easily activated, possibly due to a reduced energy barrier

required for the activation process. In the 5 M LiNO3

electrolytes, there was no abrupt increase in current, and

after each cycle, the current density decreased although

higher current density was found in the reversible scans at

pH 11. It is reasonable to assume that a fast-growing oxide

Fig. 3 Cyclic voltammetry curves measured on Al foil in 2 M

Li2SO4 electrolytes for four consecutive cycles Fig. 4 Cyclic voltammetry curves measured on Al foil in 5 M LiNO3

electrolytes for four consecutive cycles

844 J Appl Electrochem (2017) 47:839–853
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or hydroxide passive film layer formed on the electrode

surface during the reversible scans and the film protects the

underlying aluminum matrix from further rapid dissolution.

3.3 Pitting potential measured by LSV

Many attempts have been made to obtain the critical pitting

potential to evaluate the pitting susceptibility of aluminum

current collectors [11, 14]. The type of anions present in

aqueous electrolyte was reported to play a decisive role in

determining the pitting corrosion of aluminum upon

application of anodic potentials [24, 25]. LSV was

employed to measure the pitting potential at which abrupt

dissolution takes place. Figure 5a, b depict the linear

voltammetry scanned from OCP to 2 V. The current den-

sity increased sharply when aluminum was polarized to an

anodic potential in 2 M Li2SO4 solution at pH 11 and all

5 M LiNO3 solutions, with severe pitting visible on elec-

trodes after the test.

In 2 M Li2SO4 electrolyte, pitting only occurred at pH

11 and the pitting potential was determined as 1.275 V.

Although at pH 5 there is a current increase at 1.298 V,

but it immediately declined to lA cm-2 levels and there

was no sign of pitting on the electrode. In 5 M LiNO3

electrolytes, the pitting potentials for pHs 5, 7, and 9 were

around 1.655 V and shifted to a more positive value,

1.734 V, at pH 11. Notably, aluminum was prone to

pitting beyond the stability window in neutral 5 M LiNO3

solutions but pitting was not observed in neutral 2 M

Li2SO4 solutions, which indicates a possible inhibiting

effect due to the existence of sulfate anions. The inhibi-

tion of sulfate on aluminum pitting at lower pH values

may be associated to the physical blocking effect at high

anodic potentials [25]. The remarkable difference in pit-

ting potential Ep confirmed that the pH, anodic potential,

and more importantly the type of anions in solution

controlled the initiation and growth of pitting on

aluminum.

3.4 Chronoamperometry

Chronoamperometry tests were carried out on aluminum

electrodes at 0.85 V, a potential below the positive vertex

Fig. 5 Linear sweep voltammetry measured on Al foil in a 2 M

Li2SO4 and b 5 M LiNO3 electrolytes at different pH values

Fig. 6 Chronoamperometry measured on Al foil in a 2 M Li2SO4

and b 5 M LiNO3 at different pH values for a period of 24 h
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of stability windows obtained from LSV, for a period of

24 h and are presented in Fig. 6. In 2 M Li2SO4 solution

(Fig. 6a) at pHs 5, 7, and 9, the current density declined to

10-5 A cm-2 levels after the first few seconds of the test

and remained stable through the remainder; current density

at pHs 5 and 9 were close but slightly higher than that at

pH 7. At pH 11, however, the current density gradually

declined during the first 0.85 h but then increased sharply

to mA cm-2 levels, almost three orders of magnitude

higher than the other pH conditions. Severe pitting was

visible on the electrode after the test at pH 11 and even part

of the 20 lm thick foil was perforated. Figure 6b shows the

data obtained in 5 M LiNO3 at the four pH values, the

anodic current densities remained at a steady state of 10-6

A cm-2 level through the end of the tests. Although the

current density at pH 11 was higher than other electrodes at

the initial 4 h, it gradually falls even below others. The low

current intensity indicated that aluminum was well passi-

vated under the effect of concentrated nitrate anions.

AA1085 presented different pitting-resistance in 2 M Li2-

SO4 and 5 M LiNO3 electrolytes. Based on the change of

current density with time, the development of pitting in

2 M Li2SO4 electrolyte at pH 11 can be separated into

three stages, which are indicated in Fig. 6a. At stage I, the

hydroxide ions preferably adsorb on surface defect such as

passive film flaws and intermetallic sites so metastable pits

developed at a potential below the pitting potential. At

stage II, stable pit growth occurs and aluminum dissolved

at high rates after the incubation period at stage I. The

hydrolysis of aluminum results in a reduction of pH value

in aluminum pits thus the current density slowly dropped to

lower values at stage III and the pitting growth is slowed

down. The severe damage to aluminum foil caused by the

pitting indicates that aluminum is not electrochemically

stable in 2 M Li2SO4 solution of pH 11 when it is anodi-

cally polarized to 0.85 V within the stability window.

However, aluminum presents good resistance to rapid

localized corrosion in 5 M LiNO3 solutions at such anodic

polarizing potentials at the same pH.

3.5 Surface morphology

3.5.1 Surface morphology after CV

The surface morphology of electrodes after CV tests in 2 M

Li2SO4 electrolytes are examined and compared in Fig. 7. At

low magnification (Fig. 7a), the surfaces of electrodes tested

in electrolytes at pH 7 are free of any localized corrosion,

although the surfaces showed slight roughness under high

magnification (Fig. 7b). The surface morphology of elec-

trodes tested at pHs 5 and 9 appeared similar to that at pH 7

thus the images thus were not presented. At pH 11, small

amounts of pitting scattered on the electrode (Fig. 7c). The

electrode at pH 11 exhibited more roughness compared to the

other electrodes (Fig. 7d), which is ascribed to general cor-

rosion that occurred during polarization in alkaline solution.

EDS analysis (Fig. 8a, b) shows that the pits primarily

formed around Al–Fe and Al–Fe–Si intermetallic particles,

which are so called ‘‘circumferential’’ pitting. These inter-

metallic phase are commonly present as impurities in

AA1085 alloy [19]. This indicates the occurrence of galvanic

corrosion between the intermetallic and aluminum matrix in

2 M Li2SO4 aqueous solutions.

Small scattered circumferential pitting was detected on

the electrode at pH 9 (Fig. 9a, b) after being reversibly

scanned in 5 M LiNO3 solution. At pH 11, a uniform layer

of corrosion product was found (Fig. 9c, d). At a few

locations, the corrosion product layer fell off due to its

expansion difference with the matrix during drying

(Fig. 9e). Figure 9f shows the cross-section profile of the

electrode and it clearly indicates that the thickness of the

corrosion product film is around 2 lm. The formation of

this corrosion product layer with considerable thickness

proves that considerable amounts of aluminum was oxi-

dized during cyclic voltammetry and the corrosion product

precipitated on the aluminum surface, which correlates to

the high current density obtained in cyclic voltammetry

tests. Since this thick corrosion product layer was only

observed in 5 M LiNO3 electrolyte at pH 11, it is deduced

that the corrosion product was formed due to the coexis-

tence of nitrate and hydroxide in that electrolyte.

3.5.2 Surface morphology of pitting

after chronoamperometry

After anodic polarization for 24 h in 2 M Li2SO4 solution

with pH 11, the perforated aluminum electrode was examined

Fig. 7 Surface morphology of Al electrodes after cyclic voltammetry

in 2 M Li2SO4 at a pH 7, 91000, b pH 7, 950,000, c pH 11, 91000,

and d pH 11, 950,000
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under SEM and the surface morphology is presented in

Fig. 10. Severe localized corrosion occurred on the electrode

tested at pH 11 and part of the foil was completely corroded

away (Fig. 10a). There was clear evidence of crystallographic

etching with cubic morphology observed inside the pits

(Fig. 10b). The presence of the geometric facets inside pits is

the result of preferable attack along well-defined crystallo-

graphic directions. This form of corrosion is identical to the

crystallographic corrosion with {100} facets on aluminum or

aluminum alloys in citrate solution and chloride solution

reported by other authors [26]. This corrosion was presum-

ably caused by the minimum elastic modulus, lowest inten-

sity, and lowest interatomic bonding force in this

crystallographic direction of aluminum.

3.6 Raman spectroscopy

The different surface morphologies of AA1085 foil after

electrochemical tests indicate that the composition of the

surface passive films on AA1085 may be distinct in 2 M

Li2SO4 and 5 M LiNO3 electrolytes at different pH values.

The composition of the surface passive layer plays an

important role in determining the stability of aluminum

current collectors. For instance, it was reported that alu-

minum suffers serious localized corrosion in organic-based

Fig. 8 EDS analysis on a Al–

Fe and b Al–Fe–Si intermetallic

particles in circumferential

pitting formed on AA1085 after

CV in 2 M Li2SO4 at pH 11

Fig. 9 Surface morphology of Al electrodes after cyclic voltammetry

in 5 M LiNO3 at a pH 9, 91000, b pH 9, 950,000, c pH 11, 91000,

d pH 11, 950,000, e surface corrosion products at pH 11, 95000, and

f cross-section profile of corrosion products at pH 11, 93000

Fig. 10 Morphology of pitting

formed on Al electrode after

chronoamperometry test in 2 M

Li2SO4 electrolyte at pH 11,

a 91000 and b 920,000
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lithium-ion batteries containing bis(fluorosulfonyl) imide

solvent [27]. However, the addition of LiPF6 in the solvent

allows the formation of a low-solubility strong passivation

AlF3 film on aluminum that is capable of protecting the

substrate from pitting corrosion [27]. Thus, studying the

structure and composition of aluminum passive film has

been a research interest. Figure 11 shows the Raman

spectra of aluminum electrodes after cyclic voltammetry

measurements. The results are compared to the spectrum

obtained from a cleaned as-received aluminum foil. The

spectrum of the baseline aluminum foil presented a very

broad band in the region between 600 and 1200 cm-1 with

relative low intensities, which indicates that the passive

film on the surface is amorphous. This is in agreement with

the well-accepted knowledge that an amorphous alumina

with the thickness of 2–4 nm forms on aluminum under

ambient conditions and the band is assigned to amorphous

alumina. For the electrodes tested in Li2SO4 electrolytes

(Fig. 11a), the spectra obtained at pHs 5, 7, and 9 exhibited

the same broad band between 600 and 1200 cm-1. A broad

peak between 2800 and 3000 cm-1 with low intensity was

detected at pHs 5 and 9, which was assigned to O–H

stretching modes due to an outer layer of hydrated alumina

[28, 29]. The spectrum at pH 11, however, was charac-

terized by sharp bands at 598, 983, 1067, 1389, and

1519 cm-1. For the electrodes tested in LiNO3 electrolytes

(Fig. 11b), the broad band corresponding to alumina only

existed at the pH 5 condition. Bands with relatively low

intensities were obtained at pHs 7 and 9. At pH 11, sharp

bands presented at 718, 1058, 1392, and 1516 cm-1. A

broad band also existed in the wavenumber range between

3447 and 3750 cm-1. The band positions and broadness

are compared to band parameters reported in literatures and

carefully analyzed [28, 30–33]. The band components, the

referenced literature, and the tentative assignments for the

spectrums are presented in Table 4.

The analysis of Raman spectra shows that within the

stability window, the amorphous alumina layer remained

stable in 2 M Li2SO4 electrolytes at pH 7 and was slightly

hydrated at pHs 5 and 9. Once the pH increased to pH 11,

the amorphous passive film was destroyed due to the attack

of OH-. Notably the band at 599 and 982 cm-1 was

ascribed to the m2 and m1 of SO2�
4 : The band assignments

showed the coexistence of sulfate, hydroxyl, and Al–OH

bands, which indicate the adsorption of sulfate on alu-

minum surface. In 5 M LiNO3 electrolytes, the surface

passive film remained amorphous only in acidic pH 5

condition. The bands with strong intensity at 1391 and

1515 cm-1 presented at pHs 7, 9, and 11 conditions were

assigned to H2O associated to AlO4 and AlO6, which are

associated to the hydrated surface and presence of

hydroxide on aluminum [32]. The sharp band at 718 and

1058 cm-1 was due to the presence of nitrate on the cor-

rosion product layer formed at pH 11.

3.7 Concentration of dissolved Al31 after CV

Dissolved aluminum in electrolytes after cyclic voltam-

metry were measured by ICP and the results are presented

in Table 5. In both Li2SO4 and LiNO3 solutions at pHs 5, 7,

and 9, low concentrations of dissolved aluminum were

detected in the electrolyte. At pH 11, 3.27 ppm of alu-

minum was measured in 2 M Li2SO4 electrolyte and

90.47 ppm of aluminum was measured in 5 M LiNO3

electrolyte. The amount of dissolved aluminum with the

change of pH of aqueous solutions presents a trend similar

to the predicted aqueous stability of crystalline and par-

tially amorphous aluminum oxides by Tromans [34], where

Fig. 11 Raman spectra of Al electrodes after cyclic voltammetry in

a 2 M Li2SO4 and b 5 M LiNO3 at different pH values. The baseline

samples shown are cleaned as-received foils not subjected to any

electrochemical exposure
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an increased aluminum solubility was expected when pH

increases from 5 to 11. As calculated by the thermody-

namic based model, the solubility of Al2O3 covered alu-

minum was predicted to increase at least four orders of

magnitude when pH value changes from 5 to 11. The

experimental results of dissolved aluminum after CV

confirm that a significant higher concentration of aluminum

exist in 2 M Li2SO4 and 5 M LiNO3 electrolytes at pH 11

relative to that at other pH values.

3.8 Gas composition analysis with mass

spectrometer

Survey MS scans were performed on the gas collected from

the Ar purged electrochemical cell before and after cyclic

voltammetry tests. The mass spectrum of the gas in elec-

trochemical cell with AA1085 as working electrode and

5 M LiNO3 electrolytes at pH 11 is presented in Fig. 12.

Before cyclic voltammetry (Fig. 12a), the background

mass spectrums showed a peak with high relative pressure

centered at m/z = 40, which corresponds to Ar. There is a

peak with low relative intensity centered at m/z = 28,

which is associated to N2. The peak at mass 20 represent

doubly charged argon ions, Ar2? (m/z = 20). The presence

of the small amount of nitrogen is due to the ineliminable

air in the electrochemical cell after Ar purging. After cyclic

voltammetry (Fig. 12b), the mass spectrum also showed

the presence of Ar (m/z = 40) and nitrogen (m/z = 28).

However, the relative intensity of N2 (m/z = 28) increased

significantly from 14% before CV to 45% after CV. It is

concluded that nitrogen gas is generated due to the reac-

tions between aluminum foil and 5 M LiNO3 at pH 11

during cyclic voltammetry. In 2 M Li2SO4 electrolyte at

pH 11, the mass spectrum of the gas in electrochemical cell

is almost identical before and after the cyclic voltammetry,

Table 4 Band component analysis of Raman spectra obtained on Al electrode after cyclic voltammetry in ARLB electrolytes

Electrodes Band position (cm-1) Band width (cm-1) Tentative assignment

Plain aluminum foil 803 466 Amorphous Al2O3

2 M Li2SO4 pH 5 805 595

2879 197 O–H stretching modes [28]

pH 7 801 440 Amorphous Al2O3

pH 9 808 462

2901 229 O–H stretching modes [28]

pH 11 598 109 m2 SO4 triplet [30]

983 63 m1 SO4 [30]

1067 57 Al–O and Al–OH bending mode [28, 31, 32]

1389 210 H2O coordinated to AlO4 [32]

1519 312 H2O coordinated to AlO6 [32]

5 M LiNO3 pH 5 803 461 Amorphous Al2O3

pH 7 1059 64 NO3 symmetric stretching [45]

1511 271 H2O coordinated to AlO6 [32]

pH 9 1056 65 NO3 symmetric stretching [45]

1354 158 H2O coordinated to AlO4 [32]

1497 309 H2O coordinated to AlO6 [32]

pH 11 718 45 NO3 [45]

1058 89 NO3 symmetric stretching [45]

1392 213 H2O coordinated to AlO4 [32]

1516 298 H2O coordinated to AlO6 [32]

3630 305 OH stretching modes [28]

Table 5 Concentration of Al3? in electrolytes after cyclic voltam-

metry measured by ICP

Electrolytes pH Concentration of

Al3? (ppm)

2 M Li2SO4 5 0.15

7 0.64

9 0.74

11 3.27

5 M LiNO3 5 0.06

7 0.16

9 0.45

11 90.47
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which indicates that no gas is generated or the amount of

gas generated during CV is below the detection limit of

MS.

4 Discussion

4.1 The inhibiting effect of anions

Anions acting as inhibitors could adsorb, compete with

aggressive anions, and incorporate into passive films. This

may repair passive film defects imparting better protective

properties [35]. In aqueous solutions, the pitting corrosion

of aluminum may be affected by sulfate and nitrate

anions. Especially when the electrode is anodically

polarized, sulfate and nitrate anions migrate toward the

anode, adsorb on the aluminum surface, and may even

penetrate the passive film [22]. It was claimed that in

solutions containing chloride ions, nitrate anions could

incorporate into the oxide passive film of aluminum

through chemical adsorption and impede the penetration

of chloride ions and mitigate pitting corrosion. The

addition of sulfate anions in chloride solution may also

reduce the corrosion rate of pure aluminum and change

the oxide film relaxation rate [35], which is due to the

competitive adsorption between sulfate and chloride

anions and possible physical blocking effect of sulfate

anions, although the physical adsorption was revealed

only occurring on top surface.

Based on the above results and analysis, the adsorption

mechanisms of concentrated sulfate and nitrate anions on

aluminum are presented, specifically at slightly alkaline

conditions. In the case of 2 M Li2SO4 electrolyte, severe

localized corrosion only occurred at pH 11, and the exis-

tence of a considerable amount of OH- was considered to

be a prerequisite to allow large-scale pitting growth on

AA1085. OH- ions can attack oxide passive film and

aluminum matrix by the following reactions [36, 37],

Al2O3 ðsÞ þ 2OH� þ 3H2O ! 2Al(OH)�4 ; ð3Þ

2Al ðs) + 2OH� þ 6H2O ðl) ! 2Al(OH)�4 þ 3H2 ðgÞ:
ð4Þ

Under anodic polarization, Al metal could be oxidized

into Al3? and thus following reaction is also possible:

Al ! Al3þ; ð5Þ

Al3þ þ 3OH� ! Al(OH)3: ð6Þ

Due to the inevitable existence of Al–Fe and Al–Si–Fe

intermetallic particles in AA1085, OH- could cause the

rapid depletion of Al metal at metastable sites by the for-

mation of local galvanic cells and detrimental pitting can

evolve rapidly. As it was confirmed by Raman spectra,

there was presence of sulfate on aluminum surface after

cyclic voltammetry in 2 M Li2SO4 at pH 11. When sulfate

ions adsorb on aluminum surface, basic aluminum sulfate

preferably forms by the following reactions [38],

Al3þ þ SO2�
4 �AlSOþ

4 ; ð7Þ

AlSOþ
4 þ OH�

�Al(OH)SO4: ð8Þ

Sulfate anions carry a negative charge, which suggests

that OH- anions would be repelled from the preferential

adsorption sites, where pitting corrosion usually initiates. A

competitive adsorption between SO2�
4 and OH- on elec-

trode surface is expected. Under anodic polarization, the

electrical energy served as the driving force to activate

these reactions. Thus, a corrosion product layer comprising

aluminum hydroxide–sulfate was formed. This stable, basic

salt impedes the migration of OH- and prevents the further

dissolution of aluminum. However, as it was found in

chronoamperometry, although the current density remained

at low level initially due to the basic aluminum salt, this

sulfate-incorporated passive layer is not capable of

inhibiting aluminum matrix over long periods under a high

anodic potential. The breakdown of the basic aluminum

sulfate film may be explained by its relatively low

Fig. 12 MS spectra of gas in Ar

purged electrochemical cell

with AA1085 as working

electrode and 5 M LiNO3

electrolyte at pH 11 a before

cyclic voltammetry and b after

cyclic voltammetry
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thermodynamic stability in alkaline solutions [39]. Sulfate

alone would not be considered as an ideal inhibitor for

aluminum due to its limited effectiveness on inhibition.

However, when applied together with other inhibiting

species it might play a role on raising the protective effi-

ciency of the inhibitor package.

Nitrate affects the electrochemical stability of aluminum

by a different inhibiting mechanism than with sulfate

anions. The surface morphology of AA1085 after CV in

5 M LiNO3 at pH 11 showed the formation of a thick and

compact corrosion product film, which could act as a

barrier between aluminum metal and the electrolyte. MS

results confirmed that nitrogen gas is generated due to

reactions between AA1085 and 5 M LiNO3 at pH 11

during cyclic voltammetry. It was reported that in alkaline

conditions, reduction of nitrate takes place with the pres-

ence of aluminum powder. The principle reaction product

are aluminum hydroxide, ammonia, nitrite anion and

nitrogen gas [40–42]

3NO�
3 þ 2Al + 3H2O ! 3NO�

2 þ 2Al(OH)3; ð9Þ

NO�
2 þ 2Al + 5H2O ! NH3 þ 2Al(OH)3 þ OH�; ð10Þ

2NO�
2 þ 2Al + 4H2O ! N2 þ 2Al(OH)3 þ 2OH�: ð11Þ

Ammonia was not detected in mass spectrum possibly

due to its high dissolubility in aqueous solutions. Once the

passive film was dissolved by the attack of OH- and fresh

aluminum matrix was exposed to the electrolyte, the

adsorbed NO�
3 and OH- will react with aluminum and

aluminum hydroxide forms on aluminum surface. The

vigorous formation of an aluminum hydroxide layer on the

surface explains the high capacitance in the cyclic

voltammetry at pH 11 in 5 M LiNO3. Growth of such a

dense hydroxide film passivates aluminum surface [43],

impedes the migration of aggressive anions, and results in

the gradually reduced current density after each consecu-

tive cycle. Brett et al. reported that nitrite is an effective

corrosion inhibitor on aluminum in near-neutral aqueous

chloride solutions [25]. The presence of NO�
2 due to

Reaction (9) is expected to aid the inhibition effect on

aluminum by the competitive adsorption between nitrite

and hydroxide anions on aluminum surface. As Raman

spectrum showed the presence of nitrate on aluminum in

5 M LiNO3 at pH 11, it is deduced that the chemical

adsorption of nitrate occurred on the top surface of alu-

minum and the growth of the Al(OH)3 layer is controlled

by the mass transfer across the corrosion product layer.

The concentration of dissolved aluminum ions in test

solutions depends on the rate of removal of the aluminum

from the metal/passive film interface toward bulk solution

by diffusion. The formation of basic aluminum sulfate in

2 M Li2SO4 electrolyte and Al(OH)3 in LiNO3 electrolyte

at pH 11 could explain the different amounts of dissolved

aluminum after CV tests. Basic aluminum sulfate was

shown to have cation-selectivity [44]. When a cation-se-

lective diffusion layer is formed on aluminum, the ion

transportation between substrate metal and electrolyte is

dominated by cations. The migration of OH- through the

passive film layer is impeded, which contributes to the

stability of aluminum. The formation of the Al(OH)3 film

in 5 M LiNO3 electrolyte is attributed to a general corro-

sion process over the entire aluminum surface. More

importantly, this film is not ion-selective and its solubility

in alkaline solution is high. Therefore, free exchange of

Al3? and OH- still occurs between the aluminum matrix

and the aqueous solution until the formed layer is suffi-

ciently thick to impede the migration of ions. These con-

clusions are further confirmed by comparing the results

obtained in chronoamperometry tests. In 2 M Li2SO4

electrolyte of pH 11, the stability at the start of the test is

primarily ascribed to the formation of the cation-selective

film. In 5 M LiNO3 electrolytes, the continuous growth of

the Al(OH)3 layer resulted in the gradual decline of current

density.

4.2 Material selection for current collector in ARLB

According to the Pourbaix diagram, within the potential

range defined by the stability window, aluminum is

stable when pH value is between 4 and 8 but corrosion will

occur beyond this pH range. Although it describes the fun-

damental thermodynamics of reactions that determines the

corrosion behavior of aluminum, it does not take account of

the passive film formed on aluminum that may impede

aggressive anions, which may act as corrosion rate limiting

step. Based on the results obtained, aluminum presented high

electrochemical stability within the pH range between 5 and

9 in both electrolytes. At pH 11, the existence of high con-

centration of sulfate and nitrate anions both result in the

formation of protective passive films, by the previously

proposed inhibiting mechanisms. However, the surface layer

formed in Li2SO4 could not survive under the effect of

anodic potential and a rapid dissolution of aluminum current

collector occurred. At the same pH condition in 5 M LiNO3

electrolytes, although the surface layer of oxide–hydroxide

passive film protects aluminum well against dangerous

localized corrosion, the considerable thickness of corrosion

products formed by Reactions (9)–(11) could increase the

resistance between the current collector and cathode active

material to the detriment of cell performance. Also, a con-

siderable amount of dissolved aluminum was detected in

LiNO3 electrolyte after CV test. Considering the harmful

effects of aluminum corrosion on battery performance,

including (i) reduction of effective interfacial area between

electrolyte and cathode electrode, (ii) solid corrosion prod-

ucts might deposit on the electrode and increase the internal
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impedance of battery, and (iii) the dissolved species con-

taminate electrolytes and increase self-discharge rate and

impair the stability of electrodes [11–13], it risks the adverse

impacts of (i) reduction of effective interfacial area between

electrolyte and cathode electrode and (iii) contamination of

electrolytes at pH 11 in 2 M Li2SO4 electrolyte, (ii)

increased internal impedance and (iii) contamination of

electrolytes at pH 11 in 5 M LiNO3 electrolyte when

AA1085 is used as current collector. In these high pH con-

ditions, the use of materials that are resistant to alkaline

attack, e.g., stainless steel, may be preferred.

5 Conclusion

In aqueous electrolytes, the electrochemical stability of

aluminum was influenced by the pH value, the concen-

trated anion, and the anodic polarization potential. The

results are concluded as follows:

(1) The pH value of ARLB electrolyte has a direct

impact on the stability of aluminum. Under anodic

polarization aluminum remains passivated in pHs 5,

7, and 9 in aqueous electrolytes. It risks severe

localized dissolution at pH 11 in 2 M Li2SO4

electrolyte but it is well protected from pitting in

5 M LiNO3 electrolyte at pH 11 due to the formation

of thick corrosion product barrier layer.

(2) Both concentrated sulfate and nitrate anions could

assist inhibiting aluminum pitting though competi-

tive chemical adsorption with OH- in slightly

alkaline solutions. Sulfate ions were incorporated

into the aluminum surface passive film in alkaline

solution and form an ion-selective basic aluminum

salt film while nitrate ions were not.

(3) Aluminum presented good electrochemical stability

at pHs 5, 7, and 9 in both aqueous electrolytes. At pH

11, although sulfate and nitrate anions are capable of

inhibiting aluminum pitting corrosion, however, the

limited inhibiting effects of sulfate anions and the

thick corrosion product layer formed in nitrate-

contained electrolytes would eventually lead to

deterioration of battery performance.
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