
Chemical Engineering Science 282 (2023) 119346

Available online 29 September 2023
0009-2509/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Revisiting the stability of aluminum current collectors in carbonate 
electrolytes for High-Voltage Li-ion batteries 

Leif Nyholm a,*, Tove Ericson a, Ahmed S. Etman a,b,* 

a Department of Chemistry− Ångström Laboratory, Uppsala University, SE-75121 Uppsala, Sweden 
b Department of Chemistry, Faculty of Science, Alexandria University, Ibrahimia, Alexandria 21321, Egypt  

A B S T R A C T   

Anodic dissolution (often referred to as corrosion) of the aluminum positive electrode current collector above 3 V vs. Li+/Li can become performance-limiting in high- 
voltage Li-ion batteries. Herein, the results of a systematic reevaluation of this phenomenon at potentials up to 5.0 V vs. Li+/Li, using different carbonate electrolytes 
containing LiPF6, LiFSI or LiTFSI, are presented. The anodic dissolution is most likely caused by etching of the Al2O3 passive layer by protons released during the 
oxidation of the solvent. This sparks off a second oxidation step, involving the oxidation of the aluminum. While a passive AlF3 layer is formed in 1.0 M LiPF6, 
extensive anodic dissolution of aluminum is seen in 1.0 M LiFSI or LiTFSI at potentials where the solvent undergoes oxidation. In 5.0 M LiFSI, a passive layer of AlF3 
is, however, formed most likely due to the presence of fluoride as an impurity in the LiFSI. No significant improvement was seen when using carbon-coated aluminum 
electrodes.   

1. Introduction 

Lithium-ion (Li-ion) batteries are of significant importance due to 
their use in portable devices and electric vehicles. Since the energy 
density of Li-ion battery is proportional to the operating cell voltage, 
there is currently a large research interest in high-voltage Li-ion batte
ries and hence high-voltage positive electrode materials. (Armand et al., 
2020; Pender et al., 2020) The use of such electrode materials can, 
however, give rise to problems concerning the stability of the positive 
electrode current collector. In Li-ion batteries, aluminum (Al) foil is 
typically used as the positive electrode current collector material due to 
aluminum’s good mechanical properties and electrochemical stability 
up to about 3 V (vs. Li+/Li). (Guo et al., 2021; Zhu et al., 2021; Gab
ryelczyk et al., 2021; Whitehead and Schreiber, 2005) This stability 
stems from the presence of a thin native Al2O3 surface layer which 
prevents oxidation of the Al present underneath. (Myung et al., 2011) 
Since the Al3+ present in the Al2O3 should not undergo any oxidation, 
the Al2O3 layer should in fact remain stable also at potentials higher 
than 3 V (vs. Li+/Li). Nevertheless, the Al2O3 layer has been found to 
deteriorate at such potentials, particularly in electrolytes containing 
LiFSI or LiTFSI. This effect can then cause anodic dissolution of the Al 
current collector, which ultimately may lead to a failure of the battery. 
(Pender et al., 2020; Zhu et al., 2021; Whitehead and Schreiber, 2005; 
Myung et al., 2011) To be able to circumvent this problem, the reasons 
for the degradation of the Al2O3 passive layers present on the Al current 

collectors in high-voltage Li-ion batteries clearly need to be identified. 
The abovementioned anodic dissolution of the Al current collector 

has been explained based on various hypotheses. (Gabryelczyk et al., 
2021; Myung et al., 2011; Ma et al., 2017; Gao et al., 2018; Solchenbach 
et al., 2018; Meister et al., 2017; Krämer et al., 2013) For electrolytes 
containing fluorinated salts (e.g., LiPF6 or LiBF4), (Zhang and Devine, 
2006; Zhang et al., 2002) or fluorinated solvents (e.g. methyl difluoro 
acetate), (Kawamura et al., 2005) passivation is generally obtained due 
to the formation of an AlF3 containing surface layer. This layer results 
from a reaction between Al3+ and the HF or F− formed due to the re
action of PF6

- with traces of water. (Markovsky et al., 2010) However, in 
electrolytes containing imide (e.g., TFSI- and FSI-) or perchlorate anions 
no such passivation is seen, which results in rapid anodic dissolution of 
the Al current collector. (Zhang and Jow, 2002; Morita et al., 2003; Wu 
and Du, 2021) The high rates of Al anodic dissolution seen in electrolytes 
containing LiTFSI or LiFSI, have been explained by the higher solubil
ities of the Al(TFSI)x and Al(FSI)x complexes compared to that of AlF3. 
This hypothesis is supported by the fact that passivation can be obtained 
after adding e.g., LiPF6 to an electrolyte containing LiTFSI or LiFSI. 
(Gabryelczyk et al., 2021; Myung et al., 2011) The onset of anodic 
dissolution of Al that can be seen at potentials above about 3 V vs. Li+/Li 
can, however, clearly not be explained by the HF already present in the 
electrolyte prior to the start of the electrochemical experiment. This is 
particularly evident when PF6

- is present in the electrolyte since PF6
- then 

can react with residual water to give HF which then can react with Al2O3 
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to yield a passive layer containing AlF3 (i.e., Al2O3 + 6 HF = 2 AlF3 + 3 
H2O). The experimental results hence indicate that the dissolution of the 
Al2O3 passive layer seen above 3 V vs. Li+/Li is likely to be caused by an 
electrochemical reaction giving rise to the release of protons. (Ma et al., 
2017) Since it is known that the organic solvents can undergo oxidations 
at potentials above 3 V vs. Li+/Li, (Ma et al., 2017; Gao et al., 2018; 
Metzger et al., 2020) and that the oxidation of ethylene carbonate (EC) 
can give rise to a release of protons, it is reasonable to assume that the 
dissolution of the Al2O3 passive layer (and subsequently the anodic 
dissolution of Al) is initiated by the oxidation of the carbonate solvent 
(s). (Ma et al., 2017; Gao et al., 2018; Solchenbach et al., 2018; Meister 
et al., 2017; Krämer et al., 2013) If the observed anodic dissolution of Al 
is coupled to the oxidation of the carbonate solvent(s), the choice of 
solvent may then affect the Al anodic dissolution rate depending on their 
oxidation potentials and oxidation mechanisms. 

The dielectric constant of the solvents may also influence the Al 
anodic dissolution rates via the solubilities of the generated Al3+ com
plexes. (Wang et al., 2000) Moreover, it has been reported that the use of 
highly concentrated solutions of different salts can suppress the Al 
anodic dissolution rates by decreasing the number of the free solvent 
molecules that can solvate the Al3+ ions. (Matsumoto et al., 2013) This 
effect (i.e., the high salt concentration effect) could, however, also be 
due to a decreased solubility of the Al3+ species, caused by the high ionic 
strength. Since the choice of solvent as well as lithium salt should affect 
the anodic dissolution rate Al, it is important to systematically study the 
electrochemical performance of Al2O3 passivated Al foils in the most 
commonly used Li-ion battery carbonate electrolytes at potentials above 
3 V vs. Li+/Li. 

As indicated above, the native Al2O3 layer protecting the Al foil 
(which is only a few nanometers thick (Bizot et al., 2021; Strohmeier, 
1990) can start to undergo dissolution if protons are generated at the 
surface of the Al foil during the oxidation of the carbonate solvent(s). 
(Ma et al., 2017; Gao et al., 2018; Solchenbach et al., 2018; Meister 
et al., 2017; Krämer et al., 2013) One possibility to slow down this re
action would then be to coat the Al surface with a protective layer that 
either is thick enough to extend the life-time of the Al current collector 
sufficiently, or prevents the anodic dissolution reactions from taking 
place. It has, for example, been shown that carbon-coated Al foils show 
lower Al anodic dissolution rates compared to bare Al foils, especially in 
imide electrolytes. (Bizot et al., 2021) Decreased Al anodic dissolution 
rates have also been found when using graphene-based coatings. (Zhang 
et al., 2020; Li et al., 2019; Richard Prabakar et al., 2013; Cho et al., 
2021) In addition, a surface layer of fumed silica nanoparticles has been 
found to decrease the Al anodic dissolution rates in LiTFSI electrolytes. 
(Li et al., 2004) Phosphate based coatings such as AlPO4 (Gao et al., 
2018) and LiPO2F2 (Kim et al., 2022) have likewise been reported to 
slow down the Al anodic dissolution process, although the reason for this 
remains unclear. While most of the previous studies have focused on 
demonstrating the effect of the coatings during relatively few cycles, it is 
still not clear if the Al anodic dissolution rate for e.g., a carbon coated Al 
foil, remains sufficiently low during long-term cycling. This is clearly an 
important question in conjunction with high-voltage Li-ion batteries, 
given that carbon is thermodynamically unstable at potentials above 
about 3 V vs. Li+/Li. Studies therefore need to be carried out to inves
tigate if there are redox reactions involving the carbon coatings at po
tentials above 3 V vs. Li+/Li and if these are likely to result in a gradual 
loss of the carbon coating. 

This work discusses the results of a systematic study of the anodic 
dissolution of 12 µm-thick Al foil in different carbonate electrolytes 
containing different concentrations of LiPF6, LiTFSI or LiFSI. Voltam
metric experiments are performed with lithium-metal electrode-based 
half cells at a scan rate of 0.5 mV s− 1 by either scanning the potential of 
the Al foil from the open circuit potential (OCP) to 5.0 vs. Li+/Li, or by 
first scanning from the OCP to 5.0 V and then back to 3 V vs. Li+/Li. The 
surfaces of the pristine and cycled Al foils are analyzed with SEM and 
XPS. The results indicate that the Al2O3 passive layer undergoes etching 

as a result of an oxidation of the solvents generating protons at the 
electrode surface. This oxidation of the solvents may then be followed by 
a second oxidation step involving the anodic dissolution of Al. The in
fluence of this two-step oxidation mechanism is studied using different 
combinations of solvents (i.e., ethylene carbonate (EC), dimethyl car
bonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate 
(EMC)), different concentration of salts (i.e., LiPF6, LiTFSI and LiFSI), 
electrolyte volumes, voltammetric scan rates and cycle numbers. The 
long-time cycle performance of a carbon-coated Al foil is also investi
gated as its use could be expected to be advantageous particularly in 
electrolytes containing LiTFSI or LiFSI. The influence of the high- 
potential redox reactions involving carbon on the life-time of the car
bon coating is likewise discussed. 

2. Results and discussion 

2.1. Structure and morphology of the employed 12 and 20 µm thick Al 
foils 

In a Li-ion battery, it is important to decrease the mass and volume of 
the passive components (e.g., the current collectors and the separator) as 
this will increase the specific energy density of the battery. One way of 
accomplishing this is to decrease the thickness of the Al current collector 
used in the positive electrode. The experiments carried out in this study 
were therefore performed both with an Al foil with a thickness of 12 µm 
and a foil with a thickness of 20 µm. The XRD patterns obtained for these 
foils can be seen to be analogous in Fig. 1a. The analysis of the SEM 
cross-section images (Fig. 1b), which was used to verify the 12 µm 
thickness of the foil, indicated that the surface of the foil was free from 
pits and impurities. This is more clearly seen in the top-view SEM image 
presented in Fig. S1a in the Supporting Information. 

2.2. Electrochemical performance of the Al foils in carbonate electrolytes 
containing LiPF6 

The electrochemical performances of the Al foils were studied in 
lithium-metal-based half cells typically using linear sweep voltammetry 
(LSV) or cyclic voltammetry (CV) at a scan rate 0.5 mV s− 1. In the LSV 
case, the potential was scanned from the OCP (i.e., about 2.1 to 2.2 V vs. 
Li+/Li) to 5.0 V vs. Li+/Li, whereas a reverse scan to 3.0 V vs. Li+/Li was 
included in the CV experiments. In Fig. 1c, an increase in the oxidation 
current density is seen at about 3.0 V vs. Li+/Li for both Al-foils in the 
electrolyte composed of 1.0 M LiPF6 dissolved in 1:1 EC:DEC. Although a 
larger increase in the current density was initially seen for the 20 µm 
thick foil than for the 12 µm thick Al one, the current densities reached 
at 5.0 V vs. Li+/Li were approximately the same. Analogous results were 
also found for the 20 µm and 12 µm thick Al foils in 5.0 M LiFSI dissolved 
in DMC as can be seen in Fig. 1d. The similarities between the electro
chemical performances of the two Al foils were expected, since both foils 
were prepared with rolling processes and hence feature similar surface 
striations. (Kerry, 2012; Zhang and Devine, 2006) As a result the in- 
depth discussion of the oxidation behaviors in the two electrolytes will 
mainly be focused on the results obtained with the 12 µm thick Al foil. 

The voltammograms obtained for the Al foils in 1.0 M LiPF6 dissolved 
in 1:1 EC:DEC seen in Fig. 1c clearly show the onset of an oxidation 
reaction at about 3.0 V vs. Li+/Li. Since the surfaces of the pristine Al- 
foils were coated with native Al2O3 passive layers (see Fig. 1e), the 
oxidation onset at about 3 V vs. Li+/Li is very unlikely to have been 
caused by the oxidation of Al. The oxidation of Al to Al2O3 or AlF3 
should, incidentally, take place already at about 0.14 and 0.97 V vs. Li+/ 
Li according to thermodynamics (see the Supporting Information Note 
S1). An oxidation of the Al(III) in the Al2O3 layer can also be excluded as 
Al(III) is the highest Al oxidation state. As will be discussed below, an 
oxidation of the oxygen in the Al2O3 (yielding O2) is likewise unlikely at 
about 3 V vs. Li+/Li. For 1.0 M LiPF6 dissolved in 1:1 EC:DEC, an 
oxidation of Li+ is also very unlikely. An oxidation of PF6

- is likewise 
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improbable given that the fluoride oxidation state is (-I) and the phos
phorous oxidation state is (+V). This means that the oxidation at about 
3 V vs. Li+/Li in 1.0 M LiPF6 (dissolved in 1:1 EC:DEC) must have been 
due to another redox reaction. As will be shown below, the most likely 
explanation is then that (at least) EC is oxidized, as it is has been shown 
(Ma et al., 2017) that EC can be oxidized in this potential region. 

The shapes of the voltammogram in Fig. 1c also indicate that surfaces 
of the Al foils were gradually passivated during the scan from 3.0 to 5.0 
V vs. Li+/Li. For the 12 µm thick Al foil, this is clearly seen as the current 
density became approximately constant at potentials above about 4.5 V 
vs. Li+/Li. Al 2p XPS spectra for the Al foil obtained before and after the 
cycling for 200 cycles in 1.0 M LiPF6 EC:DEC are shown in Fig. 1e. The 

peaks observed at binding energies of about 72.6 eV and 75.4 eV can be 
assigned to metallic Al and Al2O3, respectively. Based on the ratio be
tween the metallic Al and Al2O3 peak areas, (Strohmeier, 1990; Carlson 
and McGuire, 1972) the thickness of the native Al2O3 layer was found to 
be about 3 to 4 nm. As a result of the cycling in the 1.0 M LiPF6 EC:DEC 
electrolyte, the peak associated with non-metal Al was shifted from 75.4 
eV to 76.0 eV (see Fig. S1b), which indicates bonding of Al3+ to the more 
electronegative fluoride (e.g. Al—F or Al—O—F) yielding a passive 
layer containing AlF3 and/or aluminium oxy-fluoride. This observation 
agrees well with previous findings indicating that an AlF3 layer is 
formed on top of the Al2O3 layer, although no separate peaks can be 
easily distinguished in the present case. (Ma et al., 2017; Gao et al., 

Fig. 1. Structure, morphology, and electrochemical performance of the 12 and 20 µm thick Al foils: (a) XRD patterns and (b) and SEM-cross-section image of the 12 
µm thick foil. (c) and (d) cyclic voltammograms recorded at a scan rate of 0.5 mV s− 1 for the 12 µm-thick (blue) and 20 µm-thick (black) Al foil in the 1.0 M LiPF6 EC: 
DEC (1:1) and 5.0 M LiFSI in DMC (1:1) electrolytes, respectively. (e) Al 2p XPS spectra for a pristine 12 µm thick Al foil (black curve) and a 12 µm thick Al foil after 
extended cycling in 1.0 M LiPF6, EC:DEC (1:1), (blue curve) and 5.0 M LiFSI, DMC, (red curve), respectively. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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2018; Zhang and Devine, 2006; Zhang and Devine, 2006) The change in 
the ratio between the areas of the metallic Al and non-metal peak (i.e., 
Al—F and/or Al—O—F) suggests that the thickness of the layer was 
about 6 to 8 nm (assuming pure Al2O3 or pure AlF3). This hence means 
that there was an increase in the thickness as well as a possible change in 
the composition of the layer during the cycling in the 1.0 M LiPF6 EC: 
DEC electrolyte. It should be noted that the prediction of the passive 
layer composition using the binding energy of the non-metal peak is not 
straightforward because the binding energy can also be affected by 
several other factors, such as the measurement procedure (Baer et al., 
2020), thickness of the layer (Baer et al., 2002) and possible built-in 
charges (Lindgren et al., 2017). Further details regarding this are sum
marized in Supporting Information XPS–Note. Note also, that the top 
layers are assumed to be sufficiently thin to allow the Al metal peak to be 
used as a binding energy reference. 

When the Al-foils were subjected to repeated cycling between 3.0 
and 5.0 V vs. Li+/Li in 1.0 M LiPF6 (dissolved in 1:1 EC:DEC), a notable 
passivation effect was seen already on the second cycle (see Fig. 2a). 
This yielded a significantly decreased oxidation current density between 
3.0 and 5.0 V vs. Li+/Li. On the 85th cycle the oxidation current density 
was even lower. Moreover, no significant difference could be seen be
tween the shapes of the voltammograms recorded on the 85th and 300th 
cycle (see Fig. S2a in the Supporting Information). These findings 
demonstrate that the Al-foil remained passivated even during long-term 
cycling in the 1.0 M LiPF6 EC:DEC (1:1) electrolyte, in very good 
agreement with previous findings. (Zhang and Devine, 2006; Bizot et al., 
2021; Zhang and Devine, 2006; Myung et al., 2009) Moreover, the 
analysis of top-view surface and cross-section images SEM images ob
tained after cycling for about 300 cycles (see Fig. 2c) failed to indicate 
any pits or cracks on the surface of the Al foil. As mentioned above, the 
observed passivation can be explained by the formation of an AlF3 layer 
on top of the native Al2O3 layer. (Ma et al., 2017; Gao et al., 2018; Zhang 

and Devine, 2006; Zhang and Devine, 2006) Since the native Al2O3 layer 
should be stable at the employed potentials, the question is then how the 
AlF3 surface layer was formed on top of the Al2O3 layer? 

When trying to answer this question one should first examine the 
first cycle voltammograms in more detail. In Fig. 2a, it can be seen that 
the oxidation in fact involved a two-step reaction in 1.0 M LiPF6 dis
solved in EC:DEC since two overlapping oxidation steps are seen at 
about 3.2 and 3.7 V vs. Li+/Li, respectively. Another interesting obser
vation is that the shape of the first cycle voltammogram depended on the 
employed scan rate. When decreasing the scan rate from 0.5 to 0.05 mV 
s− 1, the first wave became more prominent, and an approximately 
constant current density was also seen above 3.5 V vs. Li+/Li. The latter 
observation together with the onset of the second oxidation step at about 
3.3 V vs. Li+/Li, yielding an oxidation peak at about 3.4 V vs. Li+/Li, 
suggest that a passive layer was formed on the electrode surface during 
the first cycle when using the lower scan rate, i.e., 0.05 mV s− 1 (see also 
the second 0.05 mV s− 1 cycle in Fig. S1c). In contrast, in Fig. 2a it can be 
seen that an oxidation was still seen on the second cycle for a scan rate of 
0.5 mV s− 1. The formation of the passive layer was hence incomplete on 
the first cycle when using a scan rate of 0.5 mV s− 1, most likely due to 
the ten times shorter cycle time. This hypothesis is further supported by 
the fact that the first cycle oxidation charges between 3.0 and 5.0 V vs. 
Li+/Li were found to be about 1.2 mC when scanning at 0.5 mV s− 1 and 
5.8 mC when scanning at 0.05 mV s− 1, respectively. It can therefore be 
concluded that a passive layer is formed on the Al electrode in the 1.0 M 
LiPF6 EC:DEC electrolyte provided that the oxidation is allowed to 
proceed for a sufficiently long time. The possible reasons for this 
behavior will be discussed below. 

As already indicated above, the first oxidation step most likely 
involved an oxidation of the solvent(s), (Gabryelczyk et al., 2021; Ma 
et al., 2017; Gao et al., 2018; Solchenbach et al., 2018; Meister et al., 
2017; Krämer et al., 2013) i.e., EC and/or DEC. This should result in a 

Fig. 2. The performance of 12 µm thick Al foils in carbonate electrolytes containing LiPF6: (a) cyclic voltammograms recorded in a 1.0 M LiPF6 EC:DEC electrolyte at 
a scan rate of 0.5 mV s− 1 where the arrows show the scan direction. (b) Comparison of first cycle voltammograms recorded in the 1.0 M LiPF6 EC:DEC electrolyte at 
scan rates of 0.5 (black curve) and 0.05 (red curve) mV/s, respectively. (c) SEM images of the Al foil obtained after extended cycling (~300 cycles) in the 1.0 M LiPF6 
EC:DEC electrolyte. (d) Schematic illustration of the two-step oxidation process occurring in a carbonate electrolyte containing LiPF6. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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release of H+ at the surface of the Al foil (see Reaction (1). If the local 
concentration of H+ at the electrode surface becomes high enough, there 
are then two possible reaction pathways. In the first case, the generated 
H+ attacks the Al2O3 layer causing it to undergo dissolution (Reaction 
(2a). This reaction should be spontaneous under standard conditions, 
see the Supporting Information Note S2). The generated Al3+ then reacts 
with PF6

- to form AlF3 on the surface of the Al-foil (Reaction (2b). Re
action (2b) should likewise be spontaneous (under standard conditions) 
as the dissociation of PF6

- into PF5 and F- is spontaneous as well as the 
formation of AlF3 from Al3+ and F- (see the Supporting Information Note 
S2). In the second case, the H+ generated in Reaction (1) first reacts with 
PF6

- to generate HF (Reaction 3a) after which the HF reacts with Al2O3 to 
generate AlF3 according to Reaction 3b. Both the combination of Re
actions (2a) and b, and the combination of Reactions 3a and b, however, 
give rise to the same total reaction, i.e., Reaction 4. It is therefore 
reasonable to assume that a sufficiently large release of H+, e.g., as a 
result of an oxidation of the EC, results in a formation of AlF3 on top of 
the Al2O3 layer in agreement with previous findings. (Ma et al., 2017; 
Gao et al., 2018; Zhang and Devine, 2006; Zhang and Devine, 2006) 
Unlike Al2O3, the AlF3 should not react with H+ under standard condi
tions as the reaction AlF3 + 3H+ = Al3+ + 3HF then is thermodynami
cally unfavorable (see the Supporting Information Note S2). This 
explains why a passivation of the electrode is seen once AlF3has been 
formed on the surface of the electrode. A complete dissolution of the 
Al2O3 layer as a result of Reaction 4 is unlikely as the formed AlF3 layer 
should protect the Al2O3 underneath. This hypothesis in good agreement 
with previous findings. (Ma et al., 2017; Gao et al., 2018; Zhang and 
Devine, 2006; Zhang and Devine, 2006) as well as the XPS results dis
cussed above. The passivation of the Al foil is schematically summarized 
in Fig. 2d. 

At this point it should be recalled that as Reactions 2a and 3b are 
equilibrium reactions, the etching of Al2O3 by H+ (or HF) should only 
take place if the concentration of H+ (or HF) at the electrode surface is 
high enough. This means that if the rate of the oxidation of the solvent(s) 
were to decrease sufficiently, the decrease in the local concentration of 
H+ (or HF) at the electrode surface may allow Al2O3 to be reformed as a 
passive layer on the aluminum electrode (see below). This indicates that 
the anodic dissolution of aluminum is driven by the oxidation of the 
solvent(s), as previously proposed. (Ma et al., 2017; Gao et al., 2018; 
Solchenbach et al., 2018; Meister et al., 2017; Krämer et al., 2013) 

Carbonate solvent →Oxidized carbonate solvent + x H+ + x e− (1)  

6 H+ + Al2O3 ↔ 3 H2O+ 2 Al3+ (2a)  

2 Al3+ + 6 PF−

6 ↔ 6 PF5 + 2 AlF3 (2b) 

6H+ + 6 PF6
- ↔ 6 PF5 + 6HF (3a). 

Al2O3 + 6 HF ↔ 2 AlF3 + 3 H2O (3b). 
Al2O3 + 6H+ + 6 PF6

- ↔ 2 AlF3 + 6 PF5 + 3 H2O (4). 
Although Reaction 4 can explain the formation of a passive layer 

composed of a mixture of AlF3 and Al2O3 on Al electrodes cycled in the 
1.0 M LiPF6 EC:DEC electrolyte, it cannot explain the shapes of the 
voltammograms seen in Figs. 1 and 2. This is particularly evident when 
looking at the second oxidation step, which appears to result in 
passivation of the electrode, in the 0.05 mV s− 1 voltammogram in 
Fig. 2b. As Reaction 4 should stop once the Al2O3 layer has been coated 
with a layer of AlF3 it is also unlikely that the Al2O3 layer was completely 
replaced by an AlF3 layer. It can therefore be concluded that the 
oxidation of the solvent must have been accompanied by another 
oxidation resulting in growth of the AlF3 layer. Further support for this 
hypothesis can be gained by assuming that the oxidation of the solvent 
was responsible for the current density between 2.8 and 3.3 V vs. Li+/Li 
(see the red curve in Fig. 2b). The solvent oxidation charge would then 
be about 1.1 mC, which would correspond to a sufficient amount of H+

to convert a 0.6 nm thick Al2O3 layer into a 1.4 nm thick AlF3 layer (see 
the Supporting Information Note S3 and Note S4). The formed AlF3 layer 

should in fact be thinner as some of the H+ would diffuse into the 
electrolyte and therefore not react with the Al2O3. Here it should also be 
mentioned that the amount of solvent consumed in the solvent oxidation 
step (see the red curve in Fig. 2b) should have been negligible in com
parison with the total amount of solvent present in the cell (i.e., of the 
order of 10 nmol or about 1.10-3 % of the total amount of solvent present 
in the electrolyte, see the Supporting Information Note S5). 

Given the oxidation peak at about 3.4 V vs. Li+/Li and the subse
quent constant current density up to 5.0 V vs. Li+/Li seen in the 0.05 mV 
s− 1 voltammogram in Fig. 2b, it is reasonable to assume (as is further 
explained below) that the second oxidation step involved oxidation of 
the Al electrode at the Al/Al2O3 interface as suggested by Reaction 5. In 
this reaction, the so generated Al3+ reacts with F- to yield AlF3. The 
presence of this reaction, which would be initiated by the etching of the 
Al2O3 layer, also suggests that an AlF3 layer needs to be thicker than an 
Al2O3 layer in order to be passive. The Al3+ generated at the Al surface 
would then migrate through the passive layer towards the interface 
between the passive film and the electrolyte while the F- would migrate 
in the opposite direction. (Zhang and Devine, 2006; Zhang and Devine, 
2006; Yoon et al., 2022) The fluoride must then stem from the PF6

- 

present in the electrolyte as a result of the PF6
- ↔ PF5 + F- (e.g., Reaction 

3a) (Zhang and Devine, 2006; Stich et al., 2018) which would be shifted 
to the right when fluoride is consumed due to the formation of HF and/ 
or AlF3. The thickness of the AlF3 layer should then increase as the 
oxidation potential is increased (Zhang and Devine, 2006; Zhang and 
Devine, 2006) which would explain the constant current density seen 
between 3.6 and 5.0 V vs. Li+/Li seen for the red curve in Fig. 2b. 

Al + 3F- → AlF3 + 3 e- (5). 
The thickness of the generated AlF3 layer can then be estimated if the 

second oxidation charge is known. For the 0.05 mV s− 1 scan rate (see 
Fig. 2b), the charge associated with the second oxidation was about 4.7 
mC (i.e., the total first cycle oxidation charge, 5.8 mC, minus the first 
cycle solvent oxidation charge, 1.1 mC). This oxidation charge indicates 
that an about 6 nm thick AlF3 layer should have been formed on the first 
cycle (see the Supporting Information Note S3 and Note S4). The passive 
layer present after cycling to 5.0 V vs. Li+/Li on the first cycle should 
consequently have been composed of about 6 nm AlF3 and about 2 to 3 
nm of Al2O3 (i.e., 3 to 4 nm minus the 0.6 nm lost as a result of Reaction 
4). This total thickness of about 8 to 9 nm is in good agreement with the 
thickness of 6 to 8 nm suggested by the abovementioned XPS results. 

The second oxidation is thus unlikely to have stemmed from an 
oxidation of the water generated in Reaction 4 since such an oxidation 
(see Reaction (6) should not give rise to any passivation. The generated 
water would most likely react either with the simultaneously formed PF5 
or with POF3 according to Reactions (7) and (8). (Solchenbach et al., 
2018; Stich et al., 2018) Alternatively, the water may undergo reduction 
at the lithium electrode. 

2 H2O → 4 H+ + 4 e− +O2 (6)  

H2O + PF5 ↔ POF3 + 2 HF (7)  

POF3 +H2O ↔ HPO2F2 + HF (8) 

An oxidation of the O2– in the Al2O3 according to Reaction (9) 
(Gabryelczyk et al., 2021) is likewise unlikely as it should only be 
thermodynamically possible at potentials above about 4 V vs. Li+/Li (see 
the Supporting Information Note S1) whereas the onset of the second 
oxidation step was seen already at about 3.3 V vs. Li+/Li (see Fig. 2b.). 

Al2O3 → 3/2 O2 + 2 Al3+ + 6 e− (9) 

When comparing the shapes of the 0.05 and 0.5 mV s− 1 voltammo
grams in Fig. 2b, it is seen that the lower scan rate resulted in less drawn- 
out oxidation reactions as well as a relatively large solvent oxidation 
charge. This indicates that the formation of the passive layer benefitted 
from an extension of the time during which the solvent was oxidized. It 
is then reasonable to assume that the faster AlF3 passivation was a result 
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of the presence of larger amounts of HF (i.e., F-) at the electrode surface, 
see Reactions 3a and b. The results thus demonstrate that the AlF3 
containing passive layer formed as a result of Reactions 4 and 5 pre
vented further oxidation of the solvent. The long-time stability of the 
AlF3 containing passive layer should then depend on the solubility of 
AlF3 and the possibility to generate new AlF3 via Reaction 5. Based on 
the discussion above, the possible reactions for the observed first 
oxidation and second oxidation steps can be schematically presented as 
shown in Fig. 3a and b, respectively. 

Based on the voltammograms presented in Figs. 1 and 2 and the 
discussion above, it is reasonable to assume that, at least the EC, in the 
1.0 M LiPF6 EC:DEC electrolyte underwent oxidation above about 3 V vs. 
Li+/Li. The question is then if analogous oxidations also are seen for 
other commonly employed carbonate solvents. Although the anodic 
dissolution of Al has been studied in many carbonate solvents, (Zhang 
and Devine, 2006; Morita et al., 2003; Zhang et al., 2005; Kramer et al., 
2012) the influence of the type of carbonate solvent on the anodic 

dissolution of Al is still not immediately clear. To investigate this, the 
electrochemical performance of 12 µm thick Al foil electrodes was 
studied in five different carbonate electrolytes containing LiPF6 salt, i.e., 
1.0 M LiPF6 EC/DEC (1:1), 1.0 M LiPF6 EC/DMC (1:1), 1.0 M LiPF6 DEC, 
1.0 M LiPF6 DMC, and 1.2 M LiPF6 EC/EMC (3:7). As can be seen in 
Fig. 3c, analogous first cycle voltammograms were obtained in all cases 
with respect to the maximum anodic current densities (which ranged 
from 0.6 to 1.6 μA cm− 2) and onset potentials (see Table 1). The two 
oxidation steps can also be more or less clearly seen for all five elec
trolytes. For all the LiPF6 containing electrolytes, a passivation was 
found to take place during the first few cycles (see Fig. S2b-e). This is in 
excellent agreement with the results discussed above, as well as previous 
results. (Ma et al., 2017; Morita et al., 2003; Cho et al., 2021; Zhang and 
Devine, 2006) It is therefore reasonable to assume that all the studied 
carbonate solvents underwent similar types of oxidations and that this 
resulted in a release of H+ at potentials above about 3 V vs. Li+/Li. 

Fig. 3. (a) and (b) schematic illustrations of the reactions that could yield the observed first and second oxidation steps, respectively. (c) Comparison of the first cycle 
cyclic voltammograms for 12 µm thick Al foils in carbonate electrolytes containing LiPF6: 1.0 M LiPF6 EC/DEC (black), 1.0 M LiPF6 EC/DMC (orange), 1.0 M LiPF6 
DEC (blue), 1.0 M LiPF6 DMC (purple), and 1.2 M LiPF6 EC/EMC (green). The arrows indicate the scan direction. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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2.3. Electrochemical performance of Al foils in carbonate electrolytes 
containing imide salts 

Battery electrolytes containing imide salts such as LiFSI and LiTFSI 
have been extensively explored as alternatives to LiPF6-based electro
lytes, due to concerns regarding the thermal and chemical stability of 
LiPF6. (Solchenbach et al., 2018; Murmann et al., 2013; Kerner et al., 
2016) It is, however, well-known that aluminum electrodes have low 
electrochemical stabilities at potentials above 3 V vs. Li+/Li in electro
lytes containing LiFSI or LiTFSI (dissolved in carbonate solvents) as a 
result of the formation of soluble aluminum complexes. (Morita et al., 
2003; Wu and Du, 2021; Bizot et al., 2021; Cho et al., 2012) As can be 
seen in Fig. 4a and b, very high first cycle oxidation current densities 
(600 – 1800 µA cm− 2) were obtained when cycling 12 µm Al foil elec
trodes in 1.0 M LiFSI EC:DMC (1:1) and 1.0 M LiTFSI EC:DEC (1:1), 
respectively. The shapes of the voltammograms were also significantly 
different from those obtained in 1.0 M LiPF6 as the current densities 
continued to increase after reaching 5.0 V vs. Li+/Li. This indicates that 
an activation of the electrode (yielding an increasing electroactive 
electrode area) took place during the scan, driven by a gradual loss of the 
native Al2O3 passive layer. In this case passivation via the formation of 
an AlF3 layer could clearly not take place as there was no PF6

- (gener
ating fluoride) in the electrolyte. 

A comparison of the first cycle voltammograms obtained in 1.0 M 
LiPF6 EC:DEC (1:1) and 1.0 M LiFSI EC:DMC (1:1) is shown in Fig. 4c. 
Note the different current scales and that the oxidation onset potential 
seemed to be higher in the 1.0 M LiFSI EC:DMC (1:1) than in the 1.0 M 
LiPF6 EC:DEC (1:1) electrolyte. As can be seen in Fig. 4d, showing a 
magnification of the oxidation onset region, the oxidation onset poten
tials were, nevertheless, very similar in the 1.0 M LiFSI EC:DMC (1:1), 
1.0 M LiTFSI EC:DEC (1:1) and 1.0 M LiPF6 EC:DEC (1:1) electrolytes. In 
agreement with the LiPF6 results discussed above, two overlapping 
oxidation steps were also seen in the 1.0 M LiFSI EC:DMC (1:1) and 1.0 
M LiTFSI EC:DEC (1:1) electrolytes. In Fig. 4d, the onset of the first 
oxidation step was found at about 3.0 and 3.2 V in 1.0 M LiTFSI EC:DEC 
(1:1) and 1.0 M LiFSI EC:DMC (1:1), respectively. Since these potentials 
are in very good agreement with the corresponding potential for 1.0 M 
LiPF6 dissolved in EC:DEC (1:1), it is reasonable to assume that the first 
oxidation step stemmed from the oxidation of the carbonate solvents 

also in Fig. 4. 
Based on the assumed solvent oxidation charges up to 3.9 V for 

LiTFSI and 4.0 V for LiFSI (i.e., 0.87 and 0.59 mC, respectively,) the 
amount of H+ generated should only have been able to etch away a small 
part of the Al2O3 layer (i.e., 0.5 and 0.3 nm in the LiTFSI and LiFSI 
electrolytes, respectively, see the Supporting Information). Neverthe
less, once the thickness of the Al2O3 layer started to decrease, the Al 
oxidation rate should have increased. Since an AlF3 passive layer could 
not be formed, a large increase in the current density was seen at about 
4.0 and 4.15 V vs. Li+/Li in 1.0 M LiTFSI dissolved in EC:DEC (1:1) and 
1.0 M LiFSI dissolved in EC:DMC (1:1), respectively. These large current 
densities should stem from solvent oxidation and anodic dissolution of 
Al. The remaining part of the native Al2O3 oxide layer should then be 
dissolved by the H+ produced in the oxidation of the solvents whereas 
the anodic dissolution of Al would generate pits on the electrode surface, 
resulting in an electroactive area that increased with time. Many pits 
and holes were consequently seen in the SEM images (see Fig. 5e) 
recorded after cycling the Al foil in 1.0 M LiTFSI EC:DEC (1:1) for about 
300 cycles. Due to the large currents associated with the presumed 
oxidation of the solvent and the Al electrode seen at potentials above 
about 4 V vs. Li+/Li in the LiTFSI and LiFSI electrolytes, it was not 
possible to establish whether TFSI- and/or FSI- likewise underwent 
oxidation in this potential region. 

In Fig. 4a and b it can also be seen that the oxidation current density 
decreased to about zero at about 3.7 V vs. Li+/Li on the return scan. This 
indicates that a re-passivation took place once the rate of the oxidation 
of the solvents had decreased sufficiently. Since Reaction (2a) is an 
equilibrium reaction, this effect can be explained by reformation of 
Al2O3 on the Al surface (via Al3+ + 3 H2O = Al2O3 + 6H+) once the 
concentration of protons at the electrode surface becomes low enough. 
This hypothesis is further supported by the XPS results depicted in 
Fig. S1b in the Supporting Information, indicating the presence of a 
passive layer on an electrode cycled in 1.0 M LiTFSI EC:DEC (1:1). This 
means that these results are in excellent agreement with the hypothesis 
that the oxidation of the solvents generates protons which cause the 
anodic dissolution of the Al2O3 coated Al electrodes. In Fig. 4e and f it is 
seen that the oxidation current density decreased during the first 10 
cycles. On the 10th cycle, the oxidation current densities were thus only 
about 120 µA cm− 2, compared to 1000–2000 µA cm− 2 on the first and 
second cycles. This indicates that there was a gradual saturation of the 
electrolyte in the vicinity of the electrode surface with respect to the 
different Al-species Al(FSI)x or Al(TFSI)x. The oxidation current density 
thus became controlled by the rate of the diffusion of the generated Al- 
species away from the electrode surface. This saturation hypothesis is 
further supported by the results obtained with different electrolyte 
volumes which will be discussed below. For the voltammograms shown 
in Fig. 4e and f, the accumulated irreversible oxidation charges were 5.2 
and 5.7 C after the first ten cycles in 1.0 M LiTFSI dissolved in EC:DEC 
(1:1) and 1.0 M LiFSI EC:DMC (1:1), respectively. Such irreversible ca
pacity losses would clearly be a major problem in Li-ion batteries. It 
should also be mentioned that the significant anodic dissolution of 
aluminum should have resulted in significant deposition of aluminum on 
the Li counter electrode. 

As shown in Fig. 5a and b, cycling experiments were likewise carried 
out in 50 µl and 100 µl of 1.0 M LiTFSI EC:DEC (1:1) to further test the 
abovementioned saturation hypothesis. While the shapes of the first 
cycle voltammograms were analogous for both electrolyte volumes, the 
fourth cycle anodic current densities were found to be significantly 
higher (i.e., 350 compared to 150 µA cm− 2) when an electrolyte volume 
of 100 µl was used. These results are in good agreement with the satu
ration hypothesis. 

The electrochemical performances of the Al foil electrodes in 1.0 M 
LiTFSI EC:DEC (1:1) and 1.0 M LiFSI EC:DMC (1:1) can thus be 
explained based on the two-step oxidation reaction schematically shown 
in Fig. 5f. As the solvents undergo oxidation at the Al foil surface, there is 
a release of H+ which then attack the native Al2O3 surface layer. As a 

Table 1 
The onset oxidation potentials and degree of passivation seen for the 12 μm Al 
foil and a carbon-coated Al foil in different carbonate electrolytes.  

Electrode Electrolyte (50 µl) Oxidation 
onset 

Passivation 

Al (20 µm) 1 M LiPF6 in 1:1 EC/ 
DEC, (LP40) 

3.35 V Yes 

5 M LiFSI in DMC 3.13 V Yes 
Al (12 µm) 1 M LiPF6 in 1:1 EC/ 

DEC, (LP40) 
3.25 & 3.70 
V 

Yes 

1 M LiPF6 in 1:1 EC/ 
DMC 

3.36 V Yes 

1.2 M LiPF6 in 1:1 
EC/EMC 

3.20 V Yes 

1 M LiPF6 in DMC 3.20 V Yes 
1 M LiPF6 in DEC 3.10 & 3.60 

V 
Yes 

1 M LiTFSI in EC/ 
DEC 

3.00 & 4.00 
V 

Further oxidation; 
passivation after ~ 10 scans 

1 M LiFSI in EC/DMC 3.20 & 4.15 
V 

Further oxidation; 
passivation after ~ 10 scans 

1 M LiTFSI in EC/ 
DEC (100 µl) 

3.00 & 4.00 
V 

Further oxidation; 
passivation after ~ 10 scans 

5 M LiFSI in DMC 3.23 V Yes 
C-coated 

Al 
1 M LiPF6 in 1:1 EC/ 
DEC, (LP40) 

3.36 & 3.67 
V 

Yes 

1 M LiTFSI in EC/ 
DEC (100 µl) 

3.60 & 3.80 
V 

Further oxidation; 
passivation after ~ 10 scans 

5 M LiFSI in DMC 3.60 V Yes  
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result of this, the anodic dissolution of the Al electrode starts, generating 
pits and holes on the surface of the Al electrode. The generated Al3+ ions 
react with TFSI− or FSI− ions to form soluble complexes Al(TFSI)x and 
Al(FSI)x. A gradual passivation can then be seen when the solubility of 
the Al3+ complexes in the electrolyte is exceeded first at the electrode 
surface and then in the entire electrolyte. 

2.4. The electrochemical performance of Al foil electrodes in 5.0 M LiFSI 
dissolved in DMC 

It has been reported (Matsumoto et al., 2013; Piao et al., 2021) that 

imide electrolytes with high salt concentrations can be used to improve 
the anodic stability of Al foil electrodes. Although this effect has been 
proposed (Matsumoto et al., 2013; Yamada et al., 2015; Aktekin et al., 
2022) to stem from the formation of a LiF layer on the surface of the Al 
electrode, it is not immediately clear why such a layer would be formed 
at potentials where there is anodic dissolution of aluminum (generating 
Al3+). Experiments were therefore performed to study the influence of 
the LiFSI concentration on the anodic dissolution of aluminum. As is 
shown in Fig. 5c, a 12 µm thick Al foil electrode was indeed found to 
feature a significantly higher anodic stability in 5.0 M LiFSI dissolved in 
DMC solution than in 1.0 M LiFSI dissolved in EC:DMC (1:1). Since the 

Fig. 4. The electrochemical performance of 12 μm thick Al foil electrodes in carbonate electrolytes containing imide salts: (a) and (b) First cycle cyclic voltam
mograms recorded at a scan rate of 0.5 mV s− 1 in 1.0 M LiFSI EC:DMC (1:1) and 1.0 M LiTFSI EC:DEC (1:1) electrolytes, respectively. (c) A comparison of the first 
cycle cyclic voltammograms recorded at a scan rate of 0.5 mV s− 1 in 1.0 M LiFSI EC:DMC (1:1) (black curve) and 1.0 M LiPF6 EC:DEC (1:1) (blue curve). Note the 
different current scales (d) First cycle linear sweep voltammograms recorded at a scan rate of 0.5 mV s− 1 in 1.0 M LiFSI EC:DMC (1:1) (black curve), 1.0 M LiTFSI EC: 
DEC (1:1) (red curve) and 1.0 M LiPF6 EC:DEC (1:1) (blue curve). (e) and (f) Cyclic voltammograms showing the 1st, 2nd, 3rd, 4th, and 10th cycles, recorded at a scan 
rate of 0.5 mV s− 1 in 1.0 M LiFSI EC:DMC (1:1) and 1.0 M LiTFSI EC:DEC (1:1), respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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first cycle anodic current density was only about 2 µA cm− 2, the per
formance seen in the 5.0 M LiFSI electrolyte was in fact very similar to 
that seen in 1.0 M LiPF6 in Fig. 2a. This similarity also included the 
presence of a two-step oxidation on the first cycle (see Fig. 5c and d) and 
the formation of a passive layer on the subsequent cycles. In addition, 
long-term stability was observed during 300 cycles (see Fig. S3a and b). 
These findings together with the similar XPS results presented in Fig. 1e 
indicate that a passive AlF3 layer was formed also in the 5.0 M LiFSI 
electrolyte. This is, however, somewhat surprising as an AlF3 layer only 
should be expected to form when fluoride (or PF6

- ) is present in the 
electrolyte. But why would fluoride be present in the 5.0 M electrolyte? 
This is in fact not that surprising as the manufacturer’s specifications 
indicate that the LiFSI salt may contain up to 100 ppm fluoride as an 
impurity. This means that the 5.0 M LiFSI electrolyte could have con
tained a sufficient amount of fluoride to allow the formation of a passive 
AlF3 layer, whereas the amount of fluoride most likely was too low in the 
1.0 LiFSI electrolyte. This finding is, incidentally, in good agreement 

with previous reports (Wang et al., 2000) demonstrating that the anodic 
stability of Al electrodes in LiTFSI or LiFSI based electrolytes can be 
improved dramatically by the inclusion of sufficiently high concentra
tions of LiPF6 in the electrolytes. This can be explained by the dissoci
ation of PF6

- into PF5 and F-; (Zhang and Devine, 2006; Stich et al., 2018) 
allowing a passive AlF3 layer to be formed. For lower concentrations of 
LiFSI (e.g., 1.0 M), the concentration of fluoride in the electrolyte may, 
on the other hand, not be high enough, as indicated by Fig. 4. These 
findings clearly show that presence of fluoride as an impurity in the 
electrolytes needs to be considered in conjunction with LiTFSI and LiFSI 
electrolytes. 

2.5. Effect of a carbon-coating on the performance of Al electrodes in 
carbonate electrolytes 

In order to decrease the rate of the anodic dissolution of Al in e.g., 
LiTFSI and LiFSI electrolytes the use of different types of carbon coatings 

Fig. 5. Effect of the electrolyte volume and salt concentration on the Al anodic dissolution in carbonate electrolytes containing imide salts: (a) and (b) Cyclic 
voltammograms depicting the first and fourth cycles recorded in 100 µl (solid line) and 50 µl (dotted line) of 1.0 M LiTFSI EC:DEC (1:1), respectively, at a scan rate of 
0.5 mV s− 1. (c) First cycle voltammograms obtained in 50 µl of 1.0 M LiTFSI EC:DEC (black) and 5.0 M LiFSI DMC (brown), respectively, at a scan rate of 0.5 mV s− 1. 
(d) Linear sweep voltammograms recorded with a 12 µm-thick Al foil electrode in 1.0 M LiTFSI EC:DEC (1:1) (black) and 5.0 M LiFSI DMC (brown), respectively, 
using a scan rate of 0.5 mV s− 1. Note the two oxidation steps. (e) SEM images of the Al foil after cycling in 1.0 M LiTFSI EC:DEC (1:1) electrolyte. The inset shows a 
high magnification SEM image of the pits. (f) Schematic illustration of the two-step oxidation process occurring in carbonate electrolytes containing LiTFSI or LiFSI. 

L. Nyholm et al.                                                                                                                                                                                                                                 



Chemical Engineering Science 282 (2023) 119346

10

on Al electrodes have been proposed. (Bizot et al., 2021; Zhang et al., 
2020; Li et al., 2019; Prabakar and Pyo, 2012) While good results during 
a few cycles have been obtained, the long-time stability of the carbon 
coatings during cycling up to 5.0 V vs. Li+/Li may, however, still be an 
issue. According to thermodynamics carbon should be oxidized to CO2 at 
potentials above about 3 V vs. Li+/Li. Long-time cycling experiments 
were therefore performed in which carbon-coated Al foil electrodes (i.e., 
16 µm-thick Al foils with a 1 µm-thick carbon coating) were employed 
based on their previously reported high anodic stability in imide elec
trolytes. (Bizot et al., 2021; Zhang et al., 2020; Li et al., 2019; Prabakar 
and Pyo, 2012) As can be seen in Fig. 6 a, b and c, the first cycle vol
tammograms for the C-coated Al in 1.0 M LiPF6 EC:DEC (1:1), 1.0 M 
LiTFSI EC:DEC (1:1), and 5.0 M LiFSI DMC featured oxidation current 
densities of about 8, 160, 10 and µA cm− 2, respectively. After the first 
scan, passivation was observed in 1.0 M LiPF6 EC:DEC (1:1) and 5.0 M 
LiFSI DMC but not in the 1.0 M LiTFSI EC:DEC (1:1) electrolyte. In the 
latter electrolyte, the oxidation current density, however, gradually 
decreased during the cycling. 

A closer look at the 1.0 M LiPF6 EC:DEC (1:1) results shows that the 
oxidation current density of the C-coated Al was approximately ten 
times higher than that for the Al foil (i.e., ~ 8 compared to ~ 0.6 µA 
cm− 2), see Fig. 6d. This could be explained by the higher surface area of 
the C-coated Al (see the SEM images in Figs. S4a and b). Although the 
oxidation onset potential was slightly higher for the C-coated Al, i.e., 
about 3.3 compared to about 3.0 V vs. Li+/Li (see Table 1 and Fig. S4c), a 
two-step oxidation was still observed with the C-coated Al electrodes 
(see Fig. S4c). A stable passive behavior was also seen during 300 cycles 
(see Figs. S4d and e). These results suggest that an AlF3 passive layer was 
formed underneath the carbon surface coating. It can hence be 
concluded that no major difference was seen between the Al and C- 
coated Al electrodes in the 1.0 M LiPF6 EC:DEC (1:1) case. The larger 
irreversible first cycle oxidation charge for the C-coated Al (i.e., about 
20 mC cm− 2 compared to ~ 1.9 mC cm− 2 for the Al foil) should, how
ever, be duly noted. 

As shown in Fig. 6e, the maximum first cycle oxidation current 
density for the C-coated Al in the 1.0 M LiTFSI EC:DEC (1:1) electrolyte 

was, one the other hand, significantly lower than for the Al foil electrode 
(i.e., 160 compared to 1800 µA cm− 2). This indicates that the carbon 
coating did decrease the Al anodic dissolution rate in 1.0 M LiTFSI in 
good agreement with previous reports. (Zhang et al., 2020; Li et al., 
2019; Richard Prabakar et al., 2013; Cho et al., 2021) Note also the two- 
step oxidation with an oxidation onset potential of about 3.6 V vs. Li+/Li 
(see Fig. S5a) and the stable behavior during about 200 cycles (see 
Figs. S5b and c). The magnitude of the first cycle oxidation charge (i.e., 
about 0.550C/cm2) and the gradual passivation seen during the first 10 
cycles would, however, still constitute a significant problem in practical 
applications. 

Given that the anodic dissolution of aluminum, most likely, is driven 
by the oxidation of the solvent (thus generating protons which then 
attack the Al2O3 passive layer), it is not surprising that the carbon 
coating merely could slow down the anodic dissolution somewhat. 
Based on the similarities between the performances of the Al and C- 
coated Al electrodes in 1.0 M LiTFSI EC:DEC (1:1) electrolyte, it is also 
reasonable to assume that the observed gradual passivation was caused 
by saturation of the electrolyte in the vicinity of the electrode with 
respect to e.g., Al(FSI)x species. Since the C-coating would act as a 
porous layer on top of the Al electrode it is possible that a higher local 
concentration of the Al species was obtained at the C-coated Al elec
trode. The diffusion of the generated Al(FSI)x species into the bulk of the 
electrolyte would thus be less straightforward with the C-coated Al 
electrodes. This would explain the lower first cycle oxidation charge and 
the otherwise analogous passivation process seen with the C-coated Al 
electrodes. Based on these findings it is immediately clear that the 
anodic dissolution problem could not be solved using these C-coated Al 
electrodes. This is, however, not surprising as a proper passive layer 
could not be attained due to the lack of PF6

- or F- ions in the electrolyte. 
The results obtained for the C-coated foils in the 5.0 M LiFSI DMC 

electrolyte (see Fig. 6f) mainly differed from those of the Al electrode in 
that the first cycle oxidation current density increased significantly at 
about 4.1 V vs. Li+/Li and as several reduction peaks could be seen 
between about 4.4 and 3.7 V vs. Li+/Li on the subsequent cathodic scan. 
This indicates that the carbon layer was oxidized and reduced and that 

Fig. 6. The electrochemical performances of C-coated Al foil electrodes in some carbonate electrolytes: (a), (b), and (c) Cyclic voltammograms for different cycle 
numbers recorded in 1.0 M LiPF6 EC:DEC (1:1), 1.0 M LiTFSI EC:DEC (1:1), and 5.0 M LiFSI DMC, respectively, using a scan rate of 0.5 mV s− 1. (d), (e), and (f) 
Comparison of the first cycle voltammograms for a 12 µm-thick Al foil (black) and a C-coated Al (blue) foil electrode in 1.0 M LiPF6 EC:DEC (1:1), 1.0 M LiTFSI EC: 
DEC (1:1), and 5 M LiFSI DMC, respectively. The scan rate was 0.5 mV s− 1. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

L. Nyholm et al.                                                                                                                                                                                                                                 



Chemical Engineering Science 282 (2023) 119346

11

this resulted in intercalation and deintercalation of FSI− , respectively, in 
agreement with previous findings. (Kotronia et al., 2021) This process 
did, however, not appear to be reversible as the first cycle oxidation 
charge was significantly higher than the reduction charge (i.e., 11 
compared to 1.2 mC cm− 2). The first cycle oxidation charge was, 
nevertheless, still lower than that obtained in the 1.0 M LiTFSI EC:DEC 
(1:1) electrolyte, and a robust passive behavior was also seen during 300 
cycles (see Fig. S6b). SEM images recorded after the cycling, however, 
indicated that the cycling had given rise to a partial decomposition of 
the surface of the carbon coating (see Fig. S6c and d). Since the results 
for the Al and C-coated Al electrodes were generally very similar, the 
passivation seen for the C-coated electrode can most likely also be 
explained by the formation of an AlF3 passive layer as a result of the 
presence of fluoride impurities in the electrolyte. The use of the C-coated 
Al electrodes did consequently not give rise to any additional advantages 
compared to that of an uncoated Al electrode in the 5.0 M LiFSI DMC 
electrolyte. 

3. Conclusions 

The results of this systematic study of the anodic dissolution of Al 
foils in carbonate-based electrolytes containing LiPF6, LiTFSI or LiFSI at 
potentials up to 5.0 V vs. Li+/Li most likely indicate that the anodic 
dissolution of aluminum is caused by an increase in the concentration of 
protons at the electrode surface due to the onset of solvent oxidation at 
about 3 V vs. Li+/Li. A two-step oxidation process is seen in all elec
trolytes where the first step involves the oxidation of the carbonate 
solvents (EC, DEC, DMC, and EMC) whereas the seconds step involves 
the oxidation of aluminum. This aluminum oxidation step is a conse
quence of the decrease in the thickness of the Al2O3 layer due to its 
reaction with the protons. In electrolytes containing 1.0 M LiPF6 the 
degree of anodic dissolution of aluminum is, however, very low as a 
surface layer of AlF3 is formed when Al2O3 reacts with the formed 
protons (or HF). This formation of AlF3 via e.g., the reaction Al3+ + 3HF 
= AlF3 + 3H+ would be facilitated by the fact that a release of H+ and 
Al3+ at the electrode surface would shift the equilibrium of the reaction 
H+ + PF6

- ↔ PF5 + HF to the right. The experimental results conse
quently indicate that generation of HF at the electrode surface is needed 
in order to obtain passivation for Al electrodes in electrolytes containing 
LiPF6. 

In 1.0 M LiFSI and LiTFSI there was, on the other hand, rapid anodic 
dissolution of aluminum. A corresponding formation of AlF3 was clearly 
not possible in these cases due to the absence of PF6

- in the electrolyte. 
This is not unexpected as the complexes formed between Al3+ and TFSI- 

or FSI- should be more soluble than AlF3. It is therefore very difficult to 
use Al electrodes at potentials above 3 V vs. Li+/Li in electrolytes con
taining 1.0 M LiFSI or 1.0 M LiTFSI. It was, however, found that the 
anodic dissolution of aluminum only took place in the potential region in 
which the solvent(s) most likely were oxidized. This can be explained as 
follows; when the proton concentration at the electrode surface had 
decreased sufficiently, the equilibrium of the reaction, 6H+ + Al2O3 ↔ 
3 H2O + 2 Al3+ was shifted to the left, thus, enabling the generation of a 
passive Al2O3 layer. During repeated cycling in 1.0 M LiFSI or LiTFSI a 
gradual decrease in the initially very high oxidation current density 
could also be seen. This effect can be ascribed to a gradual saturation of 
the electrolytes with respect to the Al(FSI)x or Al(TFSI)x species. This 
type of passivation is, however, of very little practical interest due to the 
large irreversible capacity associated with this phenomenon. 

Passivation, analogous to that seen in 1.0 M LiPF6 was, however, 
unexpectedly seen in an electrolyte containing 5.0 M LiFSI. The exper
imental results indicate that this effect most likely stemmed from a 
formation of an AlF3 passive layer. This may be explained by the fact 
that the LiFSI salt may have contained up to 100 ppm of fluoride as an 
impurity. Care should therefore be taken when interpreting results ob
tained with highly concentrated LiFSI (or LiTFSI) electrolytes. 

The present results likewise indicate that the use of carbon-coated Al 

electrode is unlikely to solve the Al anodic dissolution problem in 
electrolytes containing 1.0 M LiTFSI or 1.0 M LiFSI. Although lower Al 
anodic dissolution rates were found for the carbon coated Al electrodes 
in 1.0 M LiTFSI, the anodic dissolution rates were still too high to allow 
practical use of this approach. 

As the results obtained with the 12 µm-thick Al foil were analogous 
to those for the benchmark 20 µm-thick Al foil it is reasonable to assume 
that the 12 µm-thick Al foil likewise can be used as the current collector 
for the positive electrode. 

The present results show that attempts to find alternatives to LiPF6 
when using carbonate solvents should be focused on salts that can give 
rise to passive layers that are stable in contact with the H+ produced 
during the oxidation of the carbonate solvents. This insight may pave the 
way for high-voltage Li-ion batteries containing conventional carbonate 
solvents. 

4. Experimental 

Materials: The 12 µm Al foil was supplied by Gränges Sweden AB, 
Finspång, Sweden, while the 20 µm Al foil as well as 16 µm-thick carbon- 
coated Al foil were purchased from MTI. The carbonate electrolytes used 
in this work and the manufacturers are listed below: 1.0 M LiPF6 EC:DEC 
(1:1) (Solvionics, H2O level < 20 ppm), 1.0 M LiPF6 EC:DMC (1:1) 
(Aldrich, H2O level < 15 ppm), 1.0 M LiPF6 DEC (Aldrich, H2O level <
15 ppm), 1.0 M LiPF6 DMC (Aldrich, H2O level < 15 ppm), 1.2 M LiPF6 
EC:EMC (3:7) (Solvionics, H2O level < 20 ppm), 1.0 M LiFSI EC:DMC 
(1:1) (Solvionics, H2O level < 20 ppm), 1.0 M LiTFSI EC:DEC (1:1) 
(Solvionics, H2O level < 20 ppm), and 5.0 M LiFSI DMC (Solvionics, H2O 
level < 20 ppm). 

Materials characterization: The morphology of the Al foil (12-µm- 
thick) and C-coated foil was characterized using scanning electron mi
croscopy (Zeiss LEO 1550). The cycled cells were transferred to the Ar 
filled glove box for disassembly, the Al foil was retrieved, washed with 
DMC, and sealed in Al pouch under vacuum. The sealed Al foil was then 
transferred directly into the SEM instrument. Prior to the XPS analyses 
the Al foils were retrieved from the cycled cells inside a glove box and 
allowed to dry in the glovebox atmosphere. The washed samples were 
rinsed with a few drops of dimethyl carbonate (DMC). The Al samples 
were mounted horizontally on a sample holder which were pumped to a 
low pressure and then transferred without air exposure to the mea
surement system. The XPS measurements were performed with a Kratos 
AXIS Supra + X-ray photoelectron spectrometer using a monochromatic 
Al Kα X-ray source and charge neutralization. 

Cell assembly: Pouch cells with Al (for the working electrode) and Cu 
(for the counter electrode) current collectors were used, were assembled 
inside an Ar filled glove box (O2 level < 1 ppm, and H2O level < 1 ppm). 
The working electrodes were Al disks with a diameter of 10 mm while 
lithium metal disks with diameter 13–15 mm diameter were used as 
combined counter and reference electrodes. The Al working electrodes 
were dried overnight under vacuum at 120 ◦C. A piece of dried glass 
fiber (17 mm diameter, 0.25 mm thickness) soaked in the battery elec
trolyte (50 µl) was used as the separator. In some experiments 100 µl of 
the electrolyte was instead used. All measurements were performed 
using a MPG2 Biologic potentiostat. The cyclic voltammetry experi
ments were generally conducted in a potential range between 3.0 and 
5.0 V (vs. Li+/Li) at a scan rate 0.5 mV s− 1. In the linear sweep vol
tammetry experiments, the potential was scanned from the open circuit 
potential (OCP) to 5.0 V at a scan rate 0.5 mV s− 1. 
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