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ABSTRACT: The coordination mechanism of chloroaluminate species in aluminum chloride
(AlCl3) solutions in γ-butyrolactone (GBL) is investigated using electrochemical,
spectroscopic, and computational methods. The liquid-state 27Al NMR spectroscopy shows
a sequence of new species generated in the AlCl3−GBL solutions with increasing AlCl3/GBL
ratio. Ab initio molecular dynamics simulation reveals the dynamic coordination process
between GBL and AlCl3, and the resultant chloroaluminate species are identified as [AlCl2·
(GBL)2]

+, AlCl4
−, AlCl3·GBL, and Al3Cl10

−. The species are further confirmed by surface
enhanced Raman spectroscopy combined with calculated Raman spectra from methods based
on density functional theory. Electrochemical deposition of Al is achieved from the AlCl3−
GBL solution containing Al3Cl10

−, which is one of the few noneutectic electrolytes for room-
temperature Al deposition reported to date.

Electrochemical deposition of aluminum (Al) is of
significant importance both practically and scientifically.

Al deposited on conductive surfaces can be transformed via
anodization to a corrosion-resistant aluminum oxide (Al2O3)
coating, for which there are numerous industrial applications.1

The emerging technology of rechargeable Al batteries also
requires reversible Al deposition as the half-reaction at the
anode.2 However, a lack of feasible electrolytes for Al
deposition, particularly at room temperature, has been a
steep challenge despite intensive investigation over the past
decades. Al cannot be electrodeposited from aqueous solutions
due to its very negative reduction potential (−1.67 V vs SHE).
Unlike alkali metals (such as lithium and sodium) and alkaline
earth metals (such as magnesium), Al has not been successfully
deposited from electrolytes of simple Al salts in organic
solvents, as even the Al salts have weakly coordinating anions.3

To date, the majority of electrolytes for Al deposition are
eutectic systems including high-temperature molten salts
composed of Al halides and alkali metal halides (AlX3·MX, X
is Cl− or Br− and M+ is an alkali cation, including Li+, Na+, or
K+),4,5 room-temperature chloroaluminate (bromoaluminate)
ionic liquids (AlX3·RX, where X is Cl− or Br− and R is an
organic cation such as imidazolium, pyridinium, or ammo-
nium),6,7 and analogues of chloroaluminate ionic liquid
including AlCl3/urea

8 and AlCl3/acetamide.9,10 Despite
numerous investigations of electrolytes of AlCl3 in organic
solvents, the only successful Al deposition from such
electrolytes was from AlCl3 solution in various dialkylsulfones
at relatively high concentrations or elevated temperatures.11,12

It has been widely recognized that the electrodeposition of
Al is attributed to the Lewis acidic Al2Cl7

− anion in the AlCl3·
RCl chloroaluminate ionic liquids, which are formed from
cleaving Lewis acidic AlCl3 polymer by Lewis basic Cl−. The

Lewis acidity increases, and the anionic species evolves from
Reactions 1 to 3 with increasing AlCl3/Cl

− molar ratio13

+ →− −AlCl Cl AlCl3 4 (1)

+ →− −AlCl AlCl Al Cl3 4 2 7 (2)

+ →− −AlCl Al Cl Al Cl3 2 7 3 10 (3)

In the other electrolytes that do not contain Cl−, the
formation of Al2Cl7

− has not yet been clearly validated and
elucidated. An understanding of the formation mechanism of
the chloroaluminate species is essential to the development of
new Al electrolytes. A common characteristic of dialkylsul-
fones, urea, and acetamide, which are reported chloride-free
components in Al electrolytes, is that they all contain oxygen
atoms with lone pair electrons that are considered weak Lewis
bases. This characteristic is also shared by many aprotic
solvents used in electrochemistry. Therefore, we hypothesize
that the formation of chloroaluminate species (and room-
temperature Al deposition) is determined by the Lewis acid
(AlCl3)−base (solvent) coordination, which is dictated by the
species’ molar ratio. In this study, we will validate such
interactions using the system of AlCl3 in γ-butyrolactone
(GBL).
GBL is known as a common solvent in electrochemistry due

to its good solubility and stability. AlCl3 solution (1 M) in
GBL was actually studied for Al deposition in 1999, but no Al
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deposition was achieved.14 The room-temperature 27Al NMR
spectrum of 1.3 M AlCl3 in GBL (AlCl3/GBL molar ratio =
1:10) in Figure 1a indicates the existence of two Al-containing
species as AlCl4

− anion (103.4 ppm) and [AlCl2·(GBL)2]
+

cation (−15.4 ppm), which is consistent with previous
findings.15,16 Both species are known to be inactive toward
the electrochemical deposition of Al. The formation of these
two species is illustrated by the ab initio molecular dynamics
(AIMD) simulation with AlCl3/GBL = 1:10 shown in Scheme
1a. The Al and Cl atoms are labeled for clarity. The detailed
calculations are described in the Supporting Information
(Figure S1). The dissolution process of AlCl3 can be described
as follows: the six-coordinated solid-state AlCl3 is first
degraded to the four-coordinated Al2Cl6 dimers by coordinat-
ing with GBL, forming a transient species Al2Cl6·GBL. The Al

2

atom coordinated with GBL in Al2Cl6·GBL is further
coordinated with a second GBL molecule, thus breaking the
Al2−Cl6 bond to form an [AlCl2·(GBL)2]

+ cation and AlCl4
−

anion (Scheme 1a, Reaction 4). This mechanism dominates
the chloroaluminate formation at relatively low AlCl3
concentration in GBL. Even when the AlCl3/GBL molar
ratio is increased to 1:2.6 (5 M of AlCl3 in GBL), the 27Al
NMR spectrum at room temperature is identical to that of the
1:10 ratio (Figure S2), indicating that there is no substantial
structural change of the Al species in the solution.
To probe the potential coordination structural change, we

further increased the AlCl3/GBL molar ratio. It is worth noting
that due to the high viscosity in the high-concentration
solutions, benzene, a noncoordinating solvent, was used as the
diluent in solutions with an AlCl3/GBL molar ratio higher than
1:2.6. At the AlCl3/GBL molar ratio = 0.8:1, a new peak at
94.7 ppm emerges in the room-temperature 27Al NMR
spectrum (Figure 1b), and its relative intensity monotonically
increases when the AlCl3/GBL ratio is increased to 0.9:1 and
1:1 (Figure 1c,d). The broad peak at approximately 65 ppm is
the background from the Al NMR probe. The 94.7 ppm NMR
peak is strong evidence that a new Al-containing species is

generated. Indeed, the AIMD simulation in Scheme 1b
illustrates the formation of a new AlCl3·GBL complex in two
steps: When the AlCl3/GBL molar ratio increases, the
probability for the second GBL to coordinate with the Al2

atom (already coordinated with one GBL) in Al2Cl6·GBL to
break the Al2−Cl6 bond is reduced. Instead, the Al1−Cl6 bond
is able to spontaneously break, due to its lower bond energy
than that of Al2−Cl6 based on integrated crystal orbital
Hamilton populations (Supporting Information). The resulting

Figure 1. 27Al NMR spectra of AlCl3 solutions in GBL at AlCl3/GBL molar ratios = (a) 1:10, (b) 0.8:1, (c) 0.9:1, (d) 1:1, (e) 1.1:1, and (f) 1.5:1.
The 27Al NMR spectra at 1:1 are obtained at room temperature as well as 40 and 60 °C; all the other spectra are obtained at room temperature.

Scheme 1. Ab Initio MD Simulations of AlCl3 in GBL at
Different AlCl3/GBL Molar Ratios = (a) 1:10, (b) 0.8:1, and
(c) 1.5:1
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uncoordinated AlCl3 monomer is subsequently coordinated
with a free GBL molecule, thus forming two AlCl3·GBL
molecules (Scheme 1b, Reaction 5). The formation of AlCl3·
GBL is further supported by the Raman spectroscopy
characterization, which will be discussed below.
The room-temperature 27Al NMR spectra at AlCl3/GBL

ratios of 1.1:1 and 1.5:1, shown in Figure 1e,f, respectively,
show a new peak emerging at approximately 81 ppm, and all
peaks becoming broad, indicating the fast dynamic exchange
among Al species in the solution. The AlCl4

− peak at 103.4
ppm either disappears or significantly diminishes under the
broad peak of AlCl3·GBL. These two spectra are almost
identical to each other but drastically differ from the one with
AlCl3/GBL ratio = 1:1. This interesting observation seems to
indicate that AlCl3/GBL = 1:1 is a dividing ratio: the solution
with AlCl3/GBL = 1:1 is composed of chloroaluminate species
including [AlCl2·(GBL)2]

+, AlCl4
−, and AlCl3·GBL with no

free (uncoordinated) GBL molecule. Therefore, we hypothe-
size that further increasing the content of AlCl3 induces the
interaction between the Al2Cl6 dimer and AlCl4

− anion to form
the Al3Cl10

− anion represented by the NMR peak at 81 ppm.
The Al2Cl7

− anion is not detected, based on the absence of its
characteristic NMR peak at approximately 92.7 ppm.11,17 This
mechanism of Al3Cl10

− formation is confirmed by the AIMD
simulation as illustrated in Scheme 1c with Reaction 6 (details
in Supporting Information). It is interesting to see that
increasing temperature can also induce the formation of
Al3Cl10

− with a lower AlCl3/GBL ratio as clearly indicated by
the 27Al NMR spectra of AlCl3/GBL = 1:1 at 40 and 60 °C in
Figure 1d. It can be due to the accelerated bond breaking and
forming in the solution resulting in the formation of Al3Cl10

−

by the combination of AlCl4
− anions and Al2Cl6 dimers from

the transient species Al2Cl6·GBL.
In addition to 27Al NMR, surface-enhanced Raman spec-

troscopy (SERS) was used to analyze the coordination
complex in the AlCl3−GBL system as shown in Figure 2.
Compared to the SERS spectrum of pure GBL in Figure 2b,
the spectrum of solution with AlCl3/GBL = 1:10 shows a new
peak at 350 cm−1 attributed to the AlCl4

− anion.18 It is worth
noting that peak(s) representing the [AlCl2(GBL)2]

+ cation
cannot be identified in the spectrum due to possible

overlapping with the peaks from GBL. In the SERS spectrum
of the solution with AlCl3/GBL = 0.8, the peaks attributed to
uncoordinated GBL molecules at 492, 536, 637, 676, and 802
cm−1 diminish. The new peak at 608 cm−1 is from benzene,
which was used as the diluent for the solutions with a high
AlCl3/GBL ratio. Two other new peaks at 331 and 425 cm−1

clearly emerge in the spectrum, which may be attributed to
AlCl3·GBL based on the 27Al NMR result and AIMD
simulation. When the AlCl3/GBL ratio is increased to 1:1,
the relative intensity of the AlCl4

− peak at 350 cm−1 clearly
decreases, with the relative intensity of the peaks at 331 and
425 cm−1 increasing. This observation is consistent with our
Raman peak assignment. The SERS spectra of solutions with
an AlCl3/GBL molar ratio >1 cannot be obtained at the
current stage due to the fluorescence effect. To confirm the
Raman peaks of AlCl3·GBL, a theoretical Raman spectrum of
AlCl3·GBL has been calculated based on density functional
theory (DFT) as shown in Figure 2a (computational details in
Supporting Information). Based on the calculated Raman
spectrum, the peaks at 331, 425, 891, and 937 cm−1 are
assigned to AlCl3·GBL, and the Raman shift and vibrational
modes are summarized in Table 1.

Cyclic voltammetry (CV) was used to investigate the
electrochemical properties of the AlCl3−GBL solutions with
different AlCl3/GBL molar ratios. As shown in Figure 3a, the
electrolyte with AlCl3/GBL = 1.5:1, which contains Al3Cl10

−

anions, demonstrates an intensive reduction peak clearly
corresponding to Al deposition. On the other hand, no
electrochemical reactivity can be observed from the CV curves
of all other electrolytes without Al3Cl10

− anions. Chronopo-
tentiometry was used for Al deposition on a copper substrate
from the electrolyte with AlCl3/GBL = 1.5:1. The X-ray
diffraction (XRD) pattern of the deposited layer unambigu-
ously demonstrates metallic Al (Figure 3b). The scanning
electron microscopic (SEM) image of the surface morphology
of deposited Al is displayed in Figure 3c. The energy dispersive
X-ray (EDX) spectrum and elemental mapping in Figure 3d
confirm the uniform deposition of Al. The chronopotentiom-
etry experiment in electrolyte with AlCl3/GBL = 1.2:1 also
yielded excellent metallic Al deposition (Figures S3a and S4a
in the Supporting Information). On the other hand, the same
experiment in electrolyte with AlCl3/GBL = 0.8:1 failed to
deposit Al (Figures S3b and S4b in the Supporting
Information). Based on these results, we propose that the
Al3Cl10

− anion is an electrochemically active species for Al
deposition in a similar fashion to Al2Cl7

− according to
Reaction 7

+ → +− − −2Al Cl 3e Al 5AlCl3 10 4 (7)

In summary, we demonstrate that Al can be deposited from
electrolytes based on AlCl3 in GBL at room temperature by
manipulating the coordination structures of AlCl3.

27Al NMR,

Figure 2. SERS spectra of (a) calculated Raman spectrum of AlCl3·
GBL and (b) pure GBL and AlCl3−GBL solutions with AlCl3/GBL
molar ratios of 1:10, 0.8:1, and 1:1.

Table 1. Raman Vibrational Modes and the Corresponding
Peak Positions of AlCl3·GBL from Experiment and DFT
Calculation

vibrational modes expt. (cm−1) calculated (cm−1)

Al−O stretching + C4O circle rotating 331 302
Al−O stretching 425 390
C4O circle bending + CH2 rocking 891 885
C4O circle bending + CH2 wagging 937 921
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ab initio MD simulation, and SERS collectively reveal the
evolution of chloroaluminate species in AlCl3−GBL solutions,
which is strongly correlated to the AlCl3/GBL ratio. The
electrochemically active Al3Cl10

− anion is generated from the
electrolytes with an AlCl3/GBL ratio >1 at room temperature,
from which Al deposition is achieved. Our study provides a
new approach to synthesize electrolytes for Al electro-
deposition without eutectic systems (ionic liquids). We
speculate that similar mechanisms can yield active chloroalu-
minate species in other systems with AlCl3 and organic
solvents containing oxygen atoms with lone pair electrons,
which deserve further systematic investigation.
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