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Abstract

A concentrated aluminum chloride (AICl;)—diglyme (G2) electrolyte is used to prepare
hard and corrosion-resistant aluminum (Al) electrodeposited films. The Al
electrodeposits obtained from the electrolyte with A1Cl;/G2 molar ratio x = 0.4 showed
a void-free microstructure composed of spherical particles, in stark contrast to flake-
like morphologies with micro-voids for lower x. Neutral complex rarely exists in the x
= 0.4 electrolyte, resulting in a relatively high conductivity despite the high
concentration and high viscosity. Nanoindentation measurements for the Al deposits
with >99% purity revealed that the nano-hardness was 2.86 GPa, three times higher
than those for Al materials produced through electrodeposition from a well-known
ionic liquid bath or through severe plastic deformation. Additionally, the void-free Al
deposits had a <100> preferential crystal orientation, which accounted for better
resistance to free corrosion and pitting corrosion. Discussions about the compact
microstructure and <100> crystal orientation of deposits obtained only from the x = 0.4

concentrated electrolyte are also presented.

Keywords: aluminum electrodeposition; concentrated electrolyte; diglyme; hardness;

corrosion
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1. INTRODUCTION

Concentrated electrolytes, which have been viewed as key materials for next-generation
batteries and plating, attract considerable attention in materials science.!-> Not only the
electrolyte properties but also the electrodeposition behaviors are attractive in terms of
safety, cost, and functionalities. Concentrated electrolytes contain less free solvents,
giving decreased activities of solvents or less volatilities and less reactivities: thus, the
better thermal stabilities and better (electro)chemical stabilities contribute to the safety.
The properties of metal electrodeposits are also of interest because compact and smooth
deposits can be obtained from the concentrated electrolytes,*® which are useful as
negative electrode materials and plating materials. The electrodeposition behaviors
differ from those of non-concentrated electrolytes due to the different physicochemical
properties of the electrolytes.

Aluminum (Al) is a naturally abundant element, and metallic Al has various
functional properties such as lightweight, corrosion resistance, low redox potential (—
1.68 V vs. SHE), and large theoretical capacity (2,979 Ah kg! or 8,042 Ah dm). Al
has been utilized as a structural and corrosion protection material,” and recently
considered as an electrode material for secondary ion battery.®-!! It is well known that
Al can be electrodeposited from many kinds of nonaqueous electrolytes, which can be
classified as concentrated and non-concentrated electrolytes. The concentrated
electrolytes include high temperature molten salts,'? room temperature molten salts or
ionic liquids (ILs),!3-!7 and deep eutectic solvents or solvate ionic liquids.!®->3 The
compact and smooth Al deposits can be obtained from these concentrated electrolytes,
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therefore, they have been used as a corrosion-resistant layer deposited on the carbon
steel and magnesium alloys.!>-!7 The non-concentrated ones employ the nonpolar/less-
polar solvents such as ethers and aromatic hydrocarbons.?*2¢ And recently, a polyether
i.e., diglyme (G2) with a high boiling point (162 °C) and chelating ability was employed
for Al electrodeposition at room temperature.?’-33 G2 is less toxic and volatile than
conventional ethers, such as diethyl ether and tetrahydrofuran, or aromatic
hydrocarbons.?* Since G2 is industrially produced as a raw material of surfactants, the
G2-based electrolyte should be cost-effective. In addition, compared to the AlCI;-
containing molten salts or ionic liquids,'3-!” the G2-based electrolytes have lower molar
ratio of AlCl; which makes them less Lewis acidic and thus less corrosive. However,
the non-concentrated AlICl;—G2 bath with an AICl;/G2 molar ratio x = 0.2 can only

produce the loose and rough Al deposits under a potentiostatic electrodeposition,?’-30

which may have an adverse effect on the mechanical properties and corrosion resistance.

In concentrated electrolytes, most solvent molecules will coordinate with metal
ions. It will reduce the amount of free solvent molecules and its activity, which improve
the electrolyte properties.!> Furthermore, it has been reported that the use of
concentrated aqueous electrolytes can decrease the thickness of diffusion layer, which
contributes to the smooth deposits. To examine the effect of concentration in
nonaqueous electrolytes on the electrodeposition behaviors, a concentrated AlCI1;—G2
bath are investigated in this study. Smooth and void-free Al deposits with improved
mechanical/corrosion-resistant properties are successfully obtained, and discussions
about the compact microstructure and the growth mode are also presented.
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2. EXPERIMENTAL SECTION

2.1 Chemicals and electrolyte preparation. G2 was purchased from Kanto
Chemical Co. and high purity anhydrous AICl; was kindly supplied by the Nippon
Light Metal Co. The G2 and AICI; were mixed in a glovebox with O, content below
1.0 ppm. Figure S1 (Supporting Information) shows photographs of AICl;—G2
solutions at about 25 °C. A clear and light yellow color solution was obtained in the
case of x = 0.1, 0.2, and 0.4. The AICI;—G2 solution got to the saturation between x =
0.4 and 0.45, and it became a solid at x = 0.67. Although the AlICl;—G2 solution with x
=0.67 was a liquid at 60 °C, its melting point increased with time due to the evaporation
of G2. Therefore, the x = 0.1, 0.2, and 0.4 were used, corresponding to the AlCI;
concentration of 0.68, 1.33, and 2.5 mol dm3. In this work, the AIC1;—G2 solution with

x = 0.4 is regarded as a concentrated solution at room temperature.

2.2 Bath properties. Viscosities of the electrolytes were measured using an
electromagnetic spinning viscometer (EMS-1000). Samples were sealed in glass tubes
filled with argon (Ar). Based on the electrochemical impedance spectroscopy, the
conductivities were measured using a self-made two-stainless steel-electrode cell, and
the cell constant was calibrated with 0.1 mol dm= KCl aqueous solution (1.285 S m™!
at 25 °C).3> 27A1 NMR spectra were obtained (200 scans, acquisition time 1.5 s) at 25 °C
using nuclear magnetic resonance spectrometer (600 MHz, INM-ECA 600), referenced

to DMSO-d¢ (99.9 at% D, Sigma-Aldrich).

2.3 Electrochemical measurements for electrolytes and electrodeposition.
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Cyclic voltammogram and electrodeposition were conducted using Biologic VSP-300
in a standard three-electrode cell. The electrochemical cells used in this study were
glass-beaker cells (20 cm?®) and gold-plated clips to avoid possible corrosion by the
electrolyte. A copper (Cu) sheet (99.96%, Nilaco Co.) was used as a working electrode,
while two aluminum sheets (99.99%, Nilaco Co.) as a counter electrode and a quasi-
reference electrode (QRE). The Cu substrate was cleaned by acetic acid for 30 min to
remove copper oxides effectively,® and then washed by ultrasonication in acetone and
ethanol for 20 min, respectively. To obtain Al electrodeposits with high throwing-
power and to minimize the effect of chlorine impurity on the hardness of Al deposits,
we performed a long-term pre-electrodeposition process, i.e. a potentiostatic method at
—1.0 V vs. Al QRE for 10 d, after which the chlorine content in Al deposits has been
reduced to a stable value of about 0.2 at%. The potentiostatic electrodeposition at —1.0
V vs. Al QRE was carried out for Al electrodeposition. After the electrodeposition, the
samples were rinsed into pure G2, acetone and ethanol successively to remove the

remaining electrolyte, and then stored in glove box to minimize spontaneous oxidation.

2.4 Microstructural characterization of electrodeposits. X-ray diffraction
(XRD, Rigaku RINT2200) measurements were performed at a scan rate of 0.3° min~!.
Surface and cross-sectional morphologies of deposits were characterized by scanning
electron microscopy (SEM, Keyence VE-7800) and transmission electron microscope
(TEM, JEM-2100F). The deposits and substrate were separated during ultrasonic
cleaning, and the deposits were collected for XRD measurement and SEM cross-

sectional observation. The samples for TEM observation were prepared by the focused

6

ACS Paragon Plus Environment

Page 6 of 36



Page 7 of 36

coNOTULT A WN =

ACS Applied Materials & Interfaces

ion beam system (FIB, JEOL JFIB-2300), and then placed on copper mesh.

2.5 Nanoindentation measurements. The mechanical properties of the Al
deposits were characterized using a Hysitron TI 950 Triboindenter instrument equipped
with a Berkovich indenter. The load and displacement resolutions were 1 nN and 0.04
nm, respectively. The nanoindentation was tested at a maximum of 500 uN with a
holding time of 5 s. The loading and unloading rates were all 0.1 mN s~!. The separated
samples were polished with the colloidal silica (0.08 um) before measurement. The
penetration of the indenter is less than 10% of the thickness of the sample, hence, the
influence of the substrate on the results can be neglected. To determine the hardness
and elastic modulus of the deposits, the initial part of unloading curves was fitted by
the Oliver-Pharr method.?” For all samples, 20 measurements were repeated. In-situ
scanning probe microscopy (SPM) imaging (1 um x 1 um area) was also conducted

with a scan rate of 1 Hz, scan size of 1 um % 1 pm and contact force of 2.0 uN.

2.6 Corrosion tests. The electrochemical corrosion experiments were carried out
in a 3.5 wt% NaCl aqueous solution at room temperature. Platinum and saturated
calomel electrodes (SCE) were used as the counter electrode and reference electrode,
respectively. The separated Al deposits were polished with colloidal silica (0.08 um).
All samples were immersed in 3.5 wt% NaCl solution for 5 h until a stable open-circuit
voltage. The electrochemical impedance spectroscopy (EIS) was detected in the
frequency range of 100 kHz—10 mHz with a sinusoidal perturbation of 10 mV. The
cyclic polarization curves started at 0.1 V more negative than the OCV and were
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recorded at a scan rate of 1 mV s~!. The sweep direction was reversed at a current

density of 1 mA cm2.

3. RESULTS
3.1 Bath composition and properties. Figure 1 shows the 27A1 NMR for the x =
0.4 with 2.5 mol dm3 AICl;. The spectra consisted were assigned as AICl4~ (105.8 ppm,
Figure 1(a)), AICl5-G2 (61.8 ppm, Figure 1(b)) and [AICI,(G2),]" (27.3 ppm, Figure
1(b)) according to Noth et al., who had measured AlCl;—G2 electrolytes below 1.7 mol
dm™ AICIl;5.38 It should be noted that the AICl;-G2 was only detected in the AIC1;—G2
with AICl; lower than 0.21 mol dm3,?® probably due to the resolution at that time. The
molar ratio of the dissolved species was analyzed using their integral areas. As a result,
AICl; anion and [AICIy(G2);]" cation were almost equimolar, and the
AICl3-G2/[AICIy(G2),]" was as low as 0.03. This may be consistent with the fact that x
= 0.4 is near saturation. For lower AICl; concentration, the molar ratio
AlCl3-G2/[AICIy(G2),]" increased to 0.14 (x = 0.2) and 0.27 (x = 0.1). Therefore, the
equilibrium occurred in the AICI;—G2 electrolytes can be expressed as the following

equations.

2AICI; + 2G2 = 2AICI3-G2 (1)
2AIC1-G2 = [AICI(G2),] T + AlCI; (2)
This equilibrium was also found in the solvate ILs when the AICl;/solvent molar ratio
was not greater than 1.3° It may be notable that in Equation (2), the x = 0.4 had an
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equilibrium constant K of 3.0, while it was decreased to 1.7 and 1.1 for x =0.2 and 0.1,

respectively. We would also like to note that the x = 0.2 system, which definitely

coNOTULT A WN =

9 contain free G2, were categorized into ILs in some literatures.??
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Figure 1. 2?A1 NMR spectra of x = 0.1, 0.2 and 0.4 in a range of (a) 100~110 ppm and

39 (b) 0-80 ppm.

43 Figure 2 shows the 'H NMR spectra of the AIC1;-G2 electrolytes. The assignments
46 of '"H NMR signals are shown in the inset of Figure 2. By dissolving the AICl; into G2,
48 the signals became broader, which was also found in 27 A1 NMR spectra (Figure 1). The
51 broadening of the signals was due to the increase in viscosity.*? In addition, the 'H NMR
spectra for x = 0.4 shifted to a higher magnetic field than that in pure G2 and in x = 0.1
56 and 0.2. The free G2 and the G2 in the AI**~CI-G2 complex cannot be distinguished
59 by 'H NMR due to a fast ligand exchange rate in AIC1;—G2 electrolytes.! The lifetime
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(7) of the free G2 in AIC1;—G2 electrolytes can be estimated by the following equation:!

_2(m-m)
U7 - 60

3)
where the W, and J, are the full width at half-maximum and the chemical shift of the
NMR signal of the end methyl proton of pure G2, respectively. The W and ¢ are the full
width at half-maximum and the chemical shift of end methyl proton of AI**~CI-G2
complex, respectively. The f'is the frequency (600 MHz) of NMR spectrometer. The
estimated 7 value was 1.3 x 10 s for x = 0.4. As the x decreased to 0.2 and 0.1, the
corresponding 7 increased to 1.7 x 10~# s and 2.1 x 10~ s, respectively. These 7 values

are the same order of magnitude as those in Li*—glyme solvate ILs.!
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Figure 2. "H NMR spectra of x =0, 0.1, 0.2 and 0.4 in a range of 2.7-3.6 ppm.

The viscosity (1) and ionic conductivity (o) as a function of temperature for the
AIC1;-G2 electrolytes are shown in Figure S2 (Supporting Information). The linear
relationship between In 7 or In 6. and 7! are observed in Figure S2(c) and (d), obeying

the Arrhenius law. The Walden plots, i.e. the plots of molar conductivity (A;y,) versus
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fluidity ("), are frequently used to evaluate how electrolytes are relatively conductive
compared to ideal KCl aqueous solution.*!-*3 Figure 3 shows the Walden plots of the
AIC1;-G2 electrolytes together with the ideal KCIl aqueous solution. The ratio of
Aimp/Migeal can be obtained from the difference in the vertical axis, i.e., 10g(Aimp/Aigea),
giving Aimp/Aigea = 0.40 at all temperatures for x = 0.4. Before calibration, namely
without considering the neutral AICl;-G2, it seemed that the concentrated electrolyte
had a prominent "ionicity" than those of x = 0.2 and 0.1. However, it should be noted
that the 2’A1 NMR signal arising from AICl;-G2 was clear in x = 0.1 and 0.2 (Figure
1(b)). The A;n, was calibrated based on the ?A1 NMR observation. The calibrated
Aimp/Aigear, namely just considering the ionic complex in x = 0.1 and 0.2 electrolytes,
was almost same as that for x = 0.4. Therefore, the total correlation of cation-cation,

cation-anion, anion-anion interactions seems to be similar for x in this study.

2.5 T I T ] T I T l T "/
L eox=0.1 i
mOx=02
) .
L‘“ AArx=04
.g L i
1.5+ —
B
Q
it L i
g 1.0 . > —
S e
=4 L i
L
0.5+ A e m A 7
i Before calibration
00 ", 1 | 1 1 | 1 | 1

|
0.0 0.5 1.0 1.5 2.0 2.5
log (77! / Poise™")

Figure 3. Walden plots for x = 0.1, 0.2 and 0.4, where 1 Poise = 100 mPa s.

3.2 Microstructure and crystal orientation of deposits. A set of typical cyclic
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voltammograms of the AICl;—G2 electrolytes is shown in Figure S3 (Supporting
Information). The clear cathodic current was observed at an electrode potential lower
than —0.35 vs. Al QRE. The difference in the current densities among x = 0.1, 0.2 and
0.4 is correlated with the different ionic conductivities of electrolytes shown in Figure
S2(b) (Supporting Information). The highest ionic conductivity is obtained for x = 0.2,
while those for 0.1 and 0.4 are similar. Accordingly, the current density of CVs is the
highest for x = 0.2, while those for 0.1 and 0.4 are similar. The potentiostatic
electrodeposition at —1.0 V vs. Al QRE has been conducted on Cu for 6 h, and the
current density was almost constant at 10, 21 and 13 mA cm for x = 0.1, 0.2 and 0.4.
After the potentiostatic electrodeposition, the Cu substrates were covered by deposits
(Figure 4(a), (d), and (g)) and the XRD results revealed that the deposits were pure Al
with no significant impurities (Figure 5(a)). In the concentrated AICl;—G2 electrolyte
(x =0.4), Al deposits had a compact and smooth morphology (Figure 4(h)) showing a
metallic luster (Figure 4(g)), and there was no visible void on the cross-sectional view
(Figure 4(1)). Even by changing electrodeposition time (1 h, 6 h and 12 h), the Al
deposits exhibited a similar surface morphology. We also did the electrodeposition at a
more negative potential (—1.5 V vs. Al QRE), namely at a higher current density.
However, it did not further improve the roughness of the deposits. Notably, a further
enhancement in concentration to x = 0.43 also produced a similar Al deposits (-1.0 V
vs. Al QRE, 1 h; see Figure S4, Supporting Information); however, white precipitates
appeared in the x = 0.43 electrolyte during a long-term electrodeposition. In contrast,
the Al deposits obtained from the dilute electrolytes, including x = 0.1 and 0.2, had a
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flake-like surface morphology (Figure 4(b) and (e)), resulting in a rough surface with a

black appearance (Figure 4(a) and (d)). And many micro-voids were found on the cross-
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sectional view (Figure 4(c) and (f)).
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Figure 5. (a) XRD of the Al deposits obtained potentiostatically at —1.0 V vs. Al QRE

from x = 0.1, 0.2 and 0.4. (b) presented the normalized peak intensity Pj;; of XRD.

To explore the causes of voids in Al deposits obtained from dilute electrolytes, a
sample with a thickness about 5 um was prepared by potentiostatic deposition at —1.0
V vs. Al QRE for about 15 min in x = 0.2. Figure 6(a)-(c) shows the TEM dark-field
images of the cross-section of the deposits. The flake-like structure only existed in the
upper layer (above the yellow line in Figure 6(b)), i.e. the interface between deposits
and electrolytes. The flake-like Al deposits grew parallelly (marked by yellow arrows)
or at a certain angle (marked by red arrows). Thus, the voids marked by yellow and red
colors in Figure 6(c) were enclosed by the adjacent Al flakes, where the yellow and red
voids were from the parallel and nonparallel flakes, respectively. The reduced Al
particles were easily captured by the tip of flake-like Al deposits and shielded to
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aggregate on the hollow position, therefore, this kind of flake-like structure still
appeared on the surface of deposits even after a long-time electrodeposition (Figure
6(b)). Therefore, the micro-voids in Al deposits was related to the flake-like structure,
and the same logic can be applied to the Al deposits obtained from x = 0.1 (Figure S5,
Supporting Information). In contrast, the concentrated AlCI1;—G2 electrolyte produced
a compact and smooth Al deposit (Figure 6(d)) due to a spherical microstructure shown

in Figure 4(h).

x0.2’

Figure 6. The cross-sectional TEM dark-field images of Al deposits obtained
potentiostatically at —1.0 V from the (a)—(c) x = 0.2 and (d) x = 0.4. The flake-like

structure and micro-voids in (a) are emphasized in (b) and (c), respectively.

The crystallographic orientation of Al deposits shown in Figure 5(a) can be

evaluated by the normalized integrated intensity Py according to the following

equation:!4
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Inat ! Zlnia
Phkl - Ioh/d/ZIOhk/ (4)

where I, and I°,; are the peak intensities for 4kl reflection of our Al deposits and of
the standard PDF card data (No. 00-004-0787), respectively. The Al deposit with a
strong orientation of <100> was obtained in the concentrated electrolyte x = 0.4 (Figure
5(b)). However, as the x decreased, the Al deposits presented a mild orientation of <111>
and the <100> reflection had the least P;;; for x = 0.1 and 0.2.

An alternative electrochemical technique, namely galvanostatic electrodeposition
at 15 mA cm™ for 6 h, was also performed to prepare the Al deposits. Each potential
was almost constant at about —1.4 V, —-0.8 V.and —1.1 V vs. Al QRE for x=0.1, 0.2 and
0.4. Similar to the potentiostatic technique (Figure 4), the Al deposits obtained by
galvanostatic electrodeposition also presented flake-like and spherical surface
morphologies for the dilute and concentrated AICl;—G2 electrolytes, respectively
(Figure S6, Supporting Information). Besides, compared to the potentiostatic technique
(Figure 5), the galvanostatic electrodeposition made little difference to the
crystallographic orientation of Al deposits (Figure S7, Supporting Information). In this
study, only Al deposits obtained by the potentiostatic electrodeposition were used for

the following nanoindentation and corrosion tests.

3.3 Mechanical properties. There have been several studies using micro-Vickers
and nanoindentation tests to explore the mechanical properties of Al deposits. The Al
deposits obtained from AICl;—sulfone baths show a micro-hardness of 0.24 GPa—1.7
GPa,**4¢ while those obtained from AICl;—G2 bath with x = 0.2 show 1.62 GPa.3*

However, the micro-hardness and nano-hardness cannot be compared directly because
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of the different indentation size.*’” Moreover, both nano-hardness and elastic modulus
are available from the nanoindentation tests. For instance, in the AlCl;—1-ethyl-3-
methylimidazolium chloride ([EMIm]CI) ILs baths, the Al deposits with a crystallite
size of 1 um and 2 um have ever been obtained.!”> *® They correspond to a nano-
hardness of 0.9 GPa and 0.71 GPa, respectively. Meanwhile, the corresponding elastic
modulus is 65.2 GPa and 44.9 GPa, respectively.

Figure 7 shows the load-displacement curves of Al obtained from AlCl;—G2
electrolytes. The Al deposits obtained in the concentrated AIC1;—G2 electrolyte had a
nano-hardness and elastic modulus of 2.86+0.02 GPa and 60.86+0.52 GPa, respectively.
The nano-hardness (elastic modulus) of the Al deposits was 2.17+0.03 GPa
(62.44+1.19 GPa) for x = 0.2 and 2.10+0.02 GPa (57.76+1.45 GPa) for x = 0.1. Figure
8 shows the SPM images (Figure 8(a)-(f)) and cross-sectional profiles (Figure 8(g)-(1))
of the indents in Al deposits after the nanoindentation test. The combination of SPM
images (Figure 8(c) and (f)) and cross-sectional profile (Figure 8(i)) revealed that Al
deposits from the concentrated AIC1;—G2 electrolyte exhibited clear pile-up around the
edges of the contact. However, the pile-up was slight for x = 0.2 as shown in Figure

8(h) and even disappeared for x = 0.1 as shown in Figure 8(g).
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Figure 7. Load-displacement curves of the Al deposits with different x.
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Figure 8. (a)~(f) In-situ scanning probe microscopy images and (g)—(i) the

corresponding cross-sectional traces of Al deposits with different x: (a,d,g) x = 0.1,

(b,e,h) x=0.2 and (e,f,1) x = 0.4.

It is worth mentioning that impurities (e.g. S and Cl) absorbed on cathode during

electrodeposition, and the impurities in deposits with content higher than 1.0 at% lead
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to an increased hardness.** The impurity contents were checked by analysis of TEM—
EDS from the TEM samples shown in Figure 6 and Figure S5 (Supporting Information).
The CI content in Al deposits for x = 0.1, 0.2 and 0.4 was 0.21 at%, 0.27 at% and 0.22
at%. The Al deposits obtained from AlCI;—G2 electrolytes had a Cl content less than
0.3 at%, therefore, the effect of Cl impurity on the hardness of Al can be excluded.
Likewise, the other tiny amount of impurities including O and C should affect less on

the hardness of Al deposits.

3.4 Corrosion behaviors. The Nyquist plots for Al deposits are shown in Figure
9, which were all associated with a smaller arc-like capacitive loop at a higher
frequency and a larger capacitive loop at a lower frequency. The smaller capacitive
loop is related to the process of charge transfer at the electrolyte/surface oxide film/Al
interfaces and its diameter could present the inhibitive action of specimen.*® The
diameter increased as x increased. These Nyquist plots can be fitted by an equivalent
electrical circuit model Ry (Cr (R¢(Cq Rc)) (see inset of Figure 9) with the smallest Chi-
square deviations (?) value within 0.01%. The fitted parameters are presented in Table
S1 (Supporting Information). The equivalent electrical circuit comprised solution
resistance (R;), surface oxide film resistance (Ry), oxide film capacitance (Cy), double
layer phase element capacitance (Cgq) and charge transfer resistance (R.). In addition,
the R, (R, = R¢+ R refers to the polarization resistance, which is inversely proportional
to the corrosion rate.* As shown in Table S1 (Supporting Information), the R, value
(9.4 kQ cm?) was the lowest for x = 0.1, followed by R, (20.4 kQ cm?) for x = 0.2, and

the highest for x = 0.4 (25.1 kQ cm?). The standard errors of R, value was less than 3%.
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The n¢ and ng are the empirical exponents of the Crand Cyj, respectively. The 0.5 <n <
1 is associated to an inhomogeneous nature of the electrode surface, while n = 1
corresponds to a purely capacitor.’® Figure S8 (Supporting Information) shows the
Bode plots for the Al deposits in 3.5 wt% NaCl solution. The magnitude plots (Figure
S8(a), Supporting Information) show that the absolute impedance value increases as x
increases. It is also observed that the maximum phase angle (O.) at a medium
frequency increases as x increases (Figure S8(b), Supporting Information). In addition,
the Bode phase angle plot extends over the widest range of frequencies for Al deposits
obtained in x = 0.4. A lager 6,,,x and broader phase angle peak in Bode plots imply that

the Al deposits has a better barrier effect against corrosive ingress.*

Figure 9. Nyquist plots of the Al deposits obtained from x = 0.1, 0.2 and 0.4 in 3.5 wt%

NaCl aqueous solution.

Figure 10 shows the cyclic polarization curves for the Al deposits obtained from

different electrolytes. Table 1 lists the characteristic parameters in Figure 10. The free
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corrosion potential (E.,;) was the highest for x = 0.4, followed by x = 0.2, and lowest
for x=0.1. The corrosion current density (i..) exhibited an opposite trend. Furthermore,
for each sample a wide passive region was observed from E., to a pitting potential
(Epir). After that, a steep increase of anodic current density indicates that pits nucleate
and grow upon the Ep;. The Ey; shifted to a more positive potential from x = 0.1 and
0.2 to 0.4. Higher E¢, and Ep; prove for x = 0.4 a better ability to prevent free and pit
corrosion in chloride-containing solution. These results were in good agreement with
the results indicated in EIS spectra (Figure 9). Afterward, the scan direction was
reversed at a predetermined threshold of current density 0.5 mA cm™. A current
hysteresis loop was formed as the reversed scan intersecting with the anodic scan. The
intersection pointed by dots in Figure 10 is the protective potential () and a higher
potential is denoted as the pitting transition potential (£p,). Epy, corresponds to a re-
passivation of shallow pits. Therefore, its appearance in all Al deposits means that the
deeper pits are formed during scan upon Ey;; and they need a more negative potential
E,yp to be re-passivated.’!53 E, is more positive for x = 0.4 than that for x = 0.1 and

0.2, which indicates an easier re-passivation of shallow pits for x = 0.4.
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Figure 10. Cyclic polarization curves of Al deposits obtained in 3.5 wt% NaCl aqueous
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solution for (a) x =0.1, (b) x =0.2 and (c) x = 0.4.

Table 1. Characteristic parameters obtained from the corrosion tests.

Molar ratio x Eeorne/ V icorr / PA cm? Ey/V Ey/V Epot /' V
0.1 —1.48 0.62 —0.78 -0.88 -1.20
0.2 -1.43 0.39 -0.64 -0.73 -1.16
0.4 -1.30 0.24 -0.53 -0.60 -1.16
2
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4. DISCUSSION
Compared to the aforementioned Al deposits obtained from AICl;,-[EMIm]CI ILs,!”- 48
the nano-hardness of Al deposits have been significantly improved for the concentrated
AICI15;—G2 electrolyte. In addition, as for the bulk Al with a crystallite size of 1.2—1.5
um produced through severe plastic deformation, the nano-hardness and elastic
modulus are approximately 0.85 GPa and 72 GPa, respectively.*’ The crystallite size of
the present Al deposits is about 15 nm observed by dark-field TEM and high-resolution
transmission electron microscopy (HRTEM) images (Figure S9, Supporting
Information). Using the AICI;—-[EMIm]CI ILs, Rafailovi¢ et al. reported an Al deposits
with high density of twins on the Ag substrate, which contributed to the improvement
of hardness.*® In our work, however, the twins in Al deposits were not observed.
Therefore, the dramatically higher nano-hardness of the deposited Al should be
attributed to a significant grain size refinement.’* However, the present nanocrystalline
Al deposits has a decreased elastic modulus, which is a common phenomenon for
nanosized materials.

The yield stress (oy) of the Al deposits can be estimated from the Tabor’s relation
H = Coy, where H is the indentation hardness and C has a value of approximately 4 for
Al5% The o, is calculated to be 715 MPa for the Al deposits from x = 0.4. The classical
Hall-Petch relationship has been well established for bulk Al (purity 99.99 wt% and 99
wt%) with crystallite size (d) over 0.22 um (Figure S10, Supporting Information).>7->8
In Figure S10, although the impurity elements are different between the bulk Al (Si,
Fe, Cu, etc.) and the electrodeposited Al (Cl), the yield stress of Al deposits deviates

2
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from the extrapolated Hall-Petch plot for bulk Al, indicating an inverse Hall-Petch
behavior. Such behavior is also observed in another nanograined metals with grain size
smaller than 30 nm because of a grain boundary (GB)-mediated process.>> >

As shown in Figure 8(i), the appearance of pile-up around an indent indicates that
plastic deformation is localized (or confined) within a small volume due to the poor
strain hardening ability.®® Therefore, although the Al deposits from x = 0.4 has a higher
nano-hardness, it has a worse strain hardening ability. In fact, this phenomenon is very
common in a bulk metallic material, namely the ultra-refinement of grain size usually
causes higher strength but poor strain hardening ability.®! It is noteworthy that the pile-
up was slight for x = 0.2 (Figure 8(h)) and even disappeared for x = 0.1 (Figure 8(g)),
which indicate that the mechanical properties of Al deposits with micro-voids deviate
from that of compactly bulk Al. It has been reported that the micro-voids degrade the
hardness of metallic films and the hardness of Al shows dependence on crystal
orientation, where the <100> orientation exhibits a maximum hardness.%2-%* Therefore,
the nano-hardness of Al deposits obtained in x = 0.4 is higher than that obtained in
dilute electrolytes, which is due to a compact microstructure (Figure 4(g)-(1)) and strong
<100> orientation (Figure 5).

A significant improvement in corrosion resistance is also achieved for the
concentrated AlCI;—G2 electrolyte. A strong dependence of pitting behavior on the
crystal orientation of Al has ever been reported.* It is believed that the difficulty of pits
nucleation in aqueous NaCl solution increases in this order (111) < (110) < (100).%* In
concentrated AIC1;—G2 electrolyte, the (100) crystal face of Al deposits has priority
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over (111), while in x = 0.1 and 0.2 the preferential crystal face is (111) (Figure 5(b)).
Therefore, the x = 0.4 sample has the most positive £, and higher resistance to pitting
corrosion (Figure 10), not only due to the void-free nature different from the x = 0.1
and 0.2 samples (Figure 4).

As discussed above, it is obvious that the mechanical properties and corrosion
behaviors of Al deposits largely depend on the microstructure and crystal orientation
of deposits. Therefore, the further discussion about the compact microstructure and
<100> crystal orientation of deposits is essential. In general, to obtain dense and smooth
metal deposits, decrease in the thickness of the diffusion layer is important. One method
is to increase the concentration of electrochemically active species in bulk and/or the
vicinity of electrode, by simply using concentrated electrolytes and/or using pulse
electrodeposition. ©  Another method is to realize “mild depletion” of the
electrochemically active species near the electrode/electrolyte interface: examples
include pulse electrodeposition with triangular-wave in the x = 0.2 bath or small
diffusion coefficients due to large viscosities in a highly concentrated aqueous bath.*
29 By using the concentrated AIC1;—G2 electrolyte, in contrast, the smooth and dense
Al deposits can be obtained even by potentiostatic/galvanostatic techniques or without
using pulse techniques. For x = 0.1 and 0.4, in particular, the AICl;—G2 electrolytes
have a similar conductivity but one order of magnitude different viscosities (Figure
S2(a) and (b), Supporting Information). Therefore, we consider that the thickness of the
diffusion layer in the concentrated electrolyte is smaller than that in x = 0.1 and 0.2,
resulting in the compact microstructure with spherical particles.
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The absorption of neutral organic molecules on cathode during electrodeposition
will also influence the microstructure of deposits.®® The AICI;-G2 complex and free G2
are the principal neutral organic molecules in AICl;—G2 electrolyte. As for the
concentrated AICI;—G2 electrolyte, the 27 A1 NMR spectra shown in Figure 1 reflect that
the content of the neutral AICl;-G2 has been decreased to a very low level, and the
Walden plots shown in Figure 3 reveal that almost the whole AlCl; asymmetrically split
to generate ionic complex in the concentrated AlICI;—G2 electrolyte. In addition, the
lifetime (7) of free G2 in the concentrated AICI;—G2 electrolyte is smaller than that in
x=0.1 and 0.2 (Figure 2). It means, in x = 0.4, a faster ligand exchange taking place in
bulk electrolyte and at the surface of electrode. The free G2 in the concentrated AICI;—
G2 electrolyte has the least activity due to a faster formation of AI**—C1-G2 complex,!
even though the free G2 is still dominant with molar ratio of [AICI,(G2),]" : AICl, :
free G2 = 0.2 : 0.2 : 0.6. In the case of ILs and solvate ILs,!3-22 where free of neutral
organic molecules, the Al is also deposited in the type of particles. Therefore, the
concentrated AICl;—G2 electrolyte, where the activity of AICl;-G2 and G2 is effectively
low, behaves like the ILs for Al electrodeposition. In contrast, a flake-like morphology
is obtained in dilute AIC1;—G2 electrolytes, where the AICl;-G2 and G2 have a higher
activity. In particular, the size of particles in deposits obtained in the concentrated
AlCl3—G2 electrolyte is much smaller than those obtained in ILs and solvate ILs due to
a different electrochemically active species.

Since the (111) plane has the lowest surface free energy in the case of the fcc metal
like Al, the crystal is expected to grow preferentially along the <111> orientation. For
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x = 0.1 and 0.2, likewise, the Al deposits are <l111> oriented (Figure 5), which
corresponds to the preferential outward growth, i.e. perpendicular to the substrate
(Figure 6(a)-(c) and Figure S5 (Supporting Information)). However, the Al deposits
obtained from x = 0.4 prefer a lateral growth, i.e. perpendicular to the substrate (Figure
6(d)). The difference between the outward and lateral growth is illustrated in Figure
S11 (Supporting Information). Previous studies reveal that the crystal orientation of
deposits is primarily determined by the aforementioned growth mode. Especially, the
lateral growth of fcc metals always exhibits <100> preferential orientation.6’-6°
Therefore, as for the concentrated AIC1;—-G2 electrolyte, the <100> oriented Al deposits
(Figure 5) can be identified as the consequence of preferential lateral growth. Moreover,
increasing the concentration of electrochemically active species will lead crystals to
grow preferentially along the lateral direction rather than the outward direction.® In the
concentrated AICI;—G2 electrolyte, the effectively low activity of neutral organic
molecules and the maximum concentration of active species [AICly(G2),]" are all in
favor of the lateral growth of Al deposits. However, for the dilute A1C1;—-G2 electrolytes,
as shown in Figure S11 (Supporting Information), the absorption of neutral organic
molecules, i.e. AICl;-G2 complex and free G2, on the preferred growth sites suppresses

the lateral growth of the Al deposits.

5. CONCLUSIONS

The concentrated AICl;—G2 electrolyte with a molar ratio x = 0.4 can be successfully
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used for electrodeposition of aluminum with a void-free structure and smooth surface.
By contrast, the Al deposits with micro-voids grow in a flake-like structure when the
molar ratio of AICl; is decreased. The Al deposits with a crystallite size of about 15 nm
had a higher hardness than that of bulk Al with crystallite size about 1 um, due to a
Hall-Petch effect. The Al nuclei grow preferentially toward <100> direction for the x
= (0.4. The compact microstructure together with <100> preferential orientation exhibit
higher resistance to free corrosion and pitting corrosion. The nucleation mechanism of
the Al deposits in AICI;—G2 electrolytes, as well as other interesting phenomena in the
electrodeposited Al bulk-nanometal, will be clarified by detailed investigation in the

future.
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