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a b s t r a c t

An electrodeposition process of magnesium metal from Grignard reagent based electrolyte was stud-
ied by comparing with lithium. The electrodeposition of magnesium was performed at various current
densities. The obtained magnesium deposits did not show dendritic morphologies while all the lithium
deposits showed dendritic products. Two different crystal growth modes in the electrodeposition pro-
cess of magnesium metal were confirmed by an observation using scanning electron micro scope (SEM)
vailable online 2 December 2010
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and a crystallographic analysis using X-ray diffraction (XRD). An electrochemical study of the deposi-
tion/dissolution process of the magnesium showed a remarkable dependency of the overpotential of
magnesium deposition on the electrolyte concentration compared with lithium. This result suggests that
the dependency of the overpotential on the electrolyte concentration prevent the locally concentrated
current resulting to form very uniform deposits.
verpotential

. Introduction

Electrochemical energy storage devices are key components for
nnovative power train systems such as PHV, FCHV and EV. Espe-
ially for a long mile range EV, the energy density of the battery
ystem is very critical. The battery system for the EV requires signif-
cantly higher energy density than that of state-of-art Li-ion battery.
herefore, finding new battery chemistry is very important as a
uture energy source for the EV [1].

For the high energy battery system, rechargeable lithium batter-
es using lithium metal have been studied for a long time, because
f the high specific capacity of lithium metal; 2061 mAh cm−3 [2].
ne of the major challenges for the lithium metal anode is the pre-
ention of dendrite growth at the surface of the anode which has
he possibility to lead a poor cycle performance and safety concerns
3]. Therefore, there has been extensive research on surface treat-

ent, electrolyte additives, and solid state electrolytes to overcome
his challenge [4,5].

We believe magnesium metal, which also has high specific
apacity; 3833 mAh cm−3, is another example of a potentially high
apacity anode active material for the high energy battery sys-
em. To our knowledge, only a few research groups have studied
o understand the electrochemical behavior of magnesium metal

o confirm if it has the same issue of dendrite growth. Gregory
t al. [6] have studied various kinds of Grignard reagent based
lectrolyte solutions and reported that the electro deposited mag-
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nesium obtained from organomagnesium chloride/AlCl3 solution
in THF showed dendritic morphology in a particular electrolyte
composition.

Aurbach et al. have been studying deposition/dissolution mech-
anism of magnesium by using various analytical techniques; SEM,
EQCM, in situ FTIR, in situ STM, NMR and so on [7–15]. Nakayama
et al. [16] have characterized the electrochemical active species in
the electrolyte solution by using NMR and Soft X-ray XAS. However
among all of these papers, the dendrite formation process of elec-
trodeposited magnesium has never been discussed. Furthermore
there has been no systematic study to compare electrochemically
deposited magnesium and lithium as anode active materials for a
rechargeable battery system.

In the present study, electrodeposition of magnesium and
lithium were performed and discussed how the deposition pro-
cess affects to the morphology of deposits. Also the crystallographic
study of the electrodeposited magnesium was conducted to discuss
the crystal growth process of the magnesium during electrodepo-
sition.

2. Experimental

In this study, all the electrochemical process of magnesium and
lithium were performed by using a three electrode cell in a glove
box filled with high purity argon. A polished platinum disc was used
as the working electrode for the magnesium deposition and mag-

nesium foil was used as the reference and the counter electrode.
An electrolyte solution for magnesium deposition was prepared
by mixing 1 ml of 2 M ethylmagnesium chloride in tetrahydro-
furan (Sigma–Aldrich), 0.37 ml of dimethylaluminum chloride

dx.doi.org/10.1016/j.jpowsour.2010.11.141
http://www.sciencedirect.com/science/journal/03787753
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ig. 1. SEM images of the electrodeposited lithium (a) 500×, 0.5 mA cm−2, (b) 500×,
f) 5000×, 2.0 mA cm−2.

Sigma–Aldrich) and anhydrous tetrahydrofuran (Sigma–Aldrich)
17]. The mixed solution was stirred for 24 h before the electro-
hemical measurements.

The electrodeposition of lithium was performed by using well
olished nickel disc as a working electrode. Lithium foil was used
s the reference and the counter electrode respectively. A con-
entional electrolyte solution; ethylene carbonate (EC) and diethyl
arbonate (DEC) mixed solvent containing 1 M of lithium hexafluo-
ophosphate (LiPF6) purchased from Mitsubishi Chemical was used
or the electrodeposition of lithium.

The electrodeposition of the magnesium and lithium was carried
ut by galvanostatic method under three different current den-
ities; 0.5, 1.0 and 2.0 mA cm−2. The electrodeposition processes
ere terminated by total electric charge at 1 C cm−2. After the elec-

rodeposition, the magnesium deposits were immediately rinsed
ith THF for 3 times to remove electrolyte solution and transferred

o SEM by using special sample holder to avoid an exposure of the
ample into air. In the case of the lithium, obtained specimens were
insed with DEC instead of THF and transferred to SEM by following
he same procedure as magnesium specimens.

The XRD analysis of the magnesium deposits were carried out
ith Cu-K� beam (40 kV, 100 mA) at a scan rate 2◦ min−1 in the

� range 20–70◦. In order to study the crystal orientation of the
agnesium deposits, pole-figure measurement for (0 0 2) diffrac-

ion peak which appears 2� at 34.447◦ was also performed for each
eposit.

. Result and discussion

SEM images of the lithium deposits are shown in Fig. 1. The
ithium deposits obtained at 0.5 mA cm−2 and 1.0 mA cm−2 showed
neven surface morphology as shown in Fig. 1(a) and (b). Some
hisker like lithium deposits (usually called just dendrite) were
athering to form porous deposition products as shown in mag-
ified images (Fig. 1(d) and (e)). The lithium deposits obtained
t 2.0 mA cm−2 are shown in Fig. 1(c). Although it shows rela-
ively even surface morphology, it can be observed that the lithium
A cm−2, (c) 500×, 2.0 mA cm−2, (d) 5000×, 0.5 mA cm−2, (e) 5000×, 1.0 mA cm−2and

deposit also consists of whisker like products as shown in the mag-
nified image (Fig. 1(f)).

On the other hand, the magnesium deposits showed very dif-
ferent surface morphology compared with the lithium deposits as
shown in Fig. 2. At first it can be said that all the magnesium deposits
did not show a typical dendritic morphology in these three depo-
sition conditions while all the lithium deposits showed dendritic
and porous deposits. Fig. 2(a) and (b) shows the SEM images of
the magnesium deposits obtained at 0.5 mA cm−2 and 1.0 mA cm−2

respectively. In both images, the magnesium deposits have round
shaped grains with uniform size approximately 2–3 �m. The mag-
nified images of these deposits showed that each grain has clear
edge which is reflecting the hexagonal structure of magnesium. It
indicates that the magnesium deposits have high crystallinity. The
SEM images of the magnesium deposit obtained at 2.0 mA cm−2 are
shown in Fig. 2(c). The magnesium deposit obtained at 2.0 mA cm−2

showed very different surface morphology from other two spec-
imens. The specimen showed relatively small grains which are
approximately had 0.5–1 �m resulting to form more smooth sur-
face morphology and dense deposit comparing with other two
deposits. The shape of each grain can be observed in the magnified
images as shown in Fig. 2(f). The grains also had edges reflecting the
crystal structure of magnesium however the observed grains had
mainly triangle shape which suggests that the magnesium deposit
obtained at 2.0 mA cm−2 could have different crystal orientation
from other two specimens.

A crystallographic study for the magnesium deposits were per-
formed by using XRD. Fig. 3 shows XRD patterns of the magnesium
deposits. All the diffraction patterns showed peaks which is corre-
sponding to magnesium or platinum which was used as substrate.
According to the powder diffraction file PDF#04-003-2526, (0 0 2)
diffraction which appears at 34.447◦ has 26.9% of the intensity of
(1 0 1) diffraction at 36.630◦. In the case of the magnesium deposits

obtained at 0.5 mA cm−2 and 1.0 mA cm−2, however, the intensity of
(0 0 2) diffraction showed 81% and 77% of peak intensity compared
with (1 0 1) diffraction respectively as shown in Fig. 3(a) and (b).
Hence, it can be said that these magnesium deposits have (0 0 1)
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ig. 2. SEM images of the electrodeposited magnesium (a) 500×, 0.5 mA cm−2

.0 mA cm−2and (f) 5000×, 2.0 mA cm−2.

referred orientation. On the contrary, (0 0 2) diffraction of the
agnesium deposit obtained at 2.0 mA cm−2 showed 27% of (1 0 1)

iffraction intensity which is almost same as powder diffraction
le (Fig. 3(c)). Furthermore, (1 0 0) diffraction and (1 1 0) diffrac-
ion showed 61.8% and 18.6% of (1 0 1) diffraction intensity while
he powder diffraction file shows 24.7% and 13.8% respectively.
his result supports the hypothesis discussed in SEM observation,
hat the magnesium deposit obtained at 2.0 mA cm−2 has different
rystal orientation compared with other two specimens.

Pole figure measurements of (0 0 2) diffraction for these speci-
ens were carried out to confirm the crystal orientation of these

pecimens. Fig. 4 shows (0 0 2) pole figures of the electrodeposited
agnesium specimens normalized by the highest peak intensity

f each measurement. Although the highest peak intensity of each

pecimen was observed at 30–40◦ from the center (ND), relatively
igh intensity was also observed at ND of the magnesium deposited
t 0.5 mA cm−2 and 1.0 mA cm−2

. It shows that these two spec-

ig. 3. XRD patterns of the electrodeposited magnesium, (a) 0.5 mA cm−2, (b)
.0 mA cm−2and (c) 2.0 mA cm−2.
00×, 1.0 mA cm−2, (c) 500×, 2.0 mA cm−2, (d) 5000×, 0.5 mA cm−2, (e) 5000×,

imens partially have (0 0 1) preferred orientation. On the other
hand, since the magnesium specimen obtained at 2.0 mA cm−2 did
not show high intensity at ND, it could be said that the mag-
nesium does not have (0 0 1) preferred orientation. Considering
the intensity of diffraction discussed above, it indicates that the
magnesium deposited at 2.0 mA cm−2 has (1 0 0) preferred orien-
tation.

Based on the results obtained by SEM observation and XRD
study, we think that the electrodeposition process of magnesium
can be categorized into two crystal growth modes which are
dependent on current density as follows. At low current density
(0.5 mA cm−2 and 1.0 mA cm−2), the deposition rate is determined
by the charge transfer reaction. Also the crystal growth speed of
the magnesium deposit is enough slow. Therefore the deposited
magnesium atoms have enough time to diffuse at the surface of
the electrode so that each grain of the magnesium deposit grows
by minimizing the surface energy. In the case of magnesium, the
ab-plane in its hcp structure can be considered as a crystal plane
which has the lowest surface energy, according to Wolff’s bro-
ken bond model [18]. As a consequence the magnesium deposit
obtained at low current density shows (0 0 1) preferred orienta-
tion. At high current density (2.0 mA cm−2), however, the mass
transfer of electrochemically active magnesium determines the
deposition rate rather than charge transfer, hence the deposited
magnesium atoms do not have enough time to diffuse at the surface
of the electrode and must be incorporated into the crystal structure
immediately. Therefore the crystal growth rate of the magnesium
deposit needs to be maximized. Consequently the ab-plane of the
magnesium grows perpendicular (or with certain angle) to the sub-
strate, because the crystal growth rate within ab-plane is generally
faster than that of other planes in the case of hexagonal structure.

The above discussion can be summarized shortly as follows. It
was confirmed that the electrodeposited magnesium does not show

dendritic morphology in three deposition conditions which we car-
ried out, while lithium deposits formed dendritic morphology in
the same electrochemical conditions. The morphology of the mag-
nesium deposit could be affected by the process which limits the
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Fig. 4. (0 0 2) pole figure of the electrodeposited magn

eposition rate. This result was encouraging to apply magnesium
etal as an anode active material for rechargeable magnesium bat-

ery.
However further discussions are required to answer the ques-

ion why magnesium does not form dendrite. At first, the difference
n the surface chemistry between lithium and magnesium deposits
eeds to be discussed. In the case of lithium deposition, it is well
now that the electrolyte solution is reduced resulting to form solid
lectrolyte interphase (SEI) layer [19]. Since an inhomogeneous SEI
ayer can be easily formed, the current density of lithium deposition
an be easily focused at a particular site which has relatively low
esistance in the SEI layer resulting to initiate the dendrite growth.
n the other hand, it was reported that SEI was not formed during

he electro deposition of magnesium metal [12]. Fig. 5 shows the
hronopotentiograms of lithium and magnesium deposition dur-
ng the first 1 min of the deposition process. In the case of lithium
eposition, the electrode potential for lithium deposition gradu-
lly declined by showing positive value against the lithium metal
or 15 s. Once the electrode potential reached at −0.18 V vs. Li,
he electrode potential stopped declining after 19 s as shown in
ig. 5(a). On the other hand, the electrode potential for the magne-
ium deposition immediately reached to −0.95 V vs. Mg and started
ising (Fig. 5(b)). It suggests that the SEI formation takes place in
he beginning of the lithium deposition process, while the deposi-
ion of magnesium immediately occurs without the formation of
EI layer.

In addition we think the coulombic efficiency of the deposi-

ion processes also affects to the morphology of the deposits. Fig. 6
hows the electric charge during the cyclic voltammetry for lithium
nd magnesium. In the case of lithium, the coulombic efficiency
f lithium deposition/dissolution process showed 86.1% at the 1st
, (a) 0.5 mA cm−2, (b) 1.0 mA cm−2and (c) 2.0 mA cm−2.

cycle and 91.9% in following cycles as shown in Fig. 6(a). It suggests a
continuous reduction of the electrolyte solution takes place during
the lithium deposition/dissolution process. Meanwhile the depo-
sition/dissolution process of magnesium showed 99.3% coulombic
efficiency at the 1st cycle and 99.4% for following cycles. Therefore,
there are very few possibilities for the deposition process of mag-
nesium to be interfered by any deposit formed by side reaction. As
a result, magnesium deposit can grow very smoothly.

Secondary the electrochemical active species in the electrolyte
solution need to be discussed. Aurbach et al. reported that an
organometallic complex electrolyte based on Grignard reagent has
dynamic multiple equilibria among various magnesium species
and aluminum species [20]. Therefore it is natural to expect that
the EtMgCl–2Me2AlCl complex electrolyte which was used for this
study also contains various species formed by multiple equilibria
such as Schlenk equilibrium (i.e. 2EtMgCl�Et2Mg + MgCl2), trans-
metalation reactions (e.g. EtMgCl + Me2AlCl�MgCl+ + EtMe2AlCl)
and the formation of dimer specie (i.e. Mg2Cl3+ �MgCl+ + MgCl2).
Author’s group also reported that the Mg2Cl3THF6

+ is one of the key
species for the electrodeposition/dissolution of magnesium [21,22].
In addition, Nakayama et al. [16] have reported that THF also affects
to these multiple equilibria. Based on those reports, the kinetics
of the electrodeposition/dissolution of magnesium could be deter-
mined by the activity of magnesium species in these equilibria.

Accordingly further voltammetric studies for the electrodepo-
sition of lithium and magnesium were carried out particularly
focusing on the affect of the electrolyte concentration which deter-

mines the activity of the electrochemical active species of lithium
or magnesium ion in the electrolyte solution.

The cyclic voltammograms of lithium deposition/dissolution
process for 1.0 M LiPF6, 0.10 M LiPF6 and 0.01 M LiPF6 electrolyte
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Fig. 5. Chronopotentiograms during the galvanostatic deposition of lithium (a) and magnesium (b) at 0.5 mA cm−2.
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LiPF6 in EC:DEC (3:7). (b) Magnesium: 3 cycles, 25 mV s−1, −1.0 to 2.0 V vs. Mg, 0.25 M EtMgCl–2Me2AlCl in THF.
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V s−1, −0.5 to 2.0 V vs. Li (a) 1.0 M LiPF6 in EC:DEC (3:7), (b) 0.10 M LiPF6 in EC:DEC
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Table 1
Overpotential for the initial deposition of the lithium on nickel substrate and over-
potential of the lithium deposition at 1 mA cm−2 for deposition current.

Concentration

1.0 M 0.10 M 0.01 M
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Table 2
Overpotential for the initial deposition of the magnesium on platinum substrate and
overpotential of the magnesium deposition at 1 mA cm−2 for deposition current.

Concentration

0.25 M 0.10 M 0.05 M

F
E

Initial deposition 0.139 V 0.137 V 0.157 V
1 mA cm−1 0.145 V 0.161 V 0.299 V

olutions are shown in Fig. 7. Although the current density of the
eposition/dissolution process decreased with the decrease of the
lectrolyte concentration, the overpotential of the initial lithium
eposition on nickel did not change so much. The overpotential of
he initial lithium deposition on nickel with 0.01 M LiPF6 solution
hown in Fig. 7(c) was 0.157 V while the overpotential of 1.0 M solu-
ion was 0.139 V (Fig. 7(a)). Even with 100 times lower electrolyte
oncentration, the difference of the overpotential between these
wo conditions was only 26 mV between these two solutions. The
ver potential at the deposition current 1 mA cm−2 during cathodic
weep for each electrolyte was also compared for these electrolyte
olutions as shown in Table 1 together with the overpotential of
nitial lithium deposition on nickel electrode. In the case of 0.10 M
olution, the overpotential at 1 mA cm−2 increased up to 0.161 V
ue to the decreased current density, and 0.01 M solution showed
.299 V of overpotential at the same current density.

The magnesium deposition/dissolution process showed
ignificantly different electrochemical behavior from lithium.
ig. 8 shows the cyclic voltammograms of magnesium deposi-
ion/dissolution process measured with 0.25 M, 0.10 M and 0.05 M
f EtMgCl–2Me2AlCl complex electrolyte solution in THF. The
verpotential of the initial magnesium deposition on platinum
lectrode showed remarkably high dependency on electrolyte
oncentration. The overpotential of 0.10 M of EtMgCl–2Me2AlCl

olution was 0.698 V while 0.25 M solution showed 0.248 V
Fig. 8(a) and (b)). Moreover the overpotential of 0.05 M solution
as 0.845 V as shown in Fig. 8(c). The overpotential at 1.0 mA cm−2
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ig. 8. Cyclic voltammograms of the magnesium deposition/dissolution process: 3 cycle
tMgCl–2Me2AlCl in THF, (c) 0.05 M EtMgCl–2Me2AlCl in THF.
Initial deposition 0.248 V 0.698 V 0.845 V
1 mA cm−1 0.294 V 1.118 V 2.706 V

during electrodeposition of magnesium also showed strong
dependency on the electrolyte concentration. Whereas the 0.25 M
solution showed 0.294 V of overpotential at 1.0 mA cm−2 deposi-
tion current, the 0.10 M solution showed 1.118 V of overpotential.
Since the deposition current never reached to 1 mA cm−2 within
the range of CV measurement in the case of 0.05 M solution, the
overpotential at 1.0 mA cm−2 deposition current was estimated as
2.706 V by extending the slope of the deposition. The overpotential
values for initial deposition and 1.0 mA cm−2 for each electrolyte
solution were summarized in Table 2. This result shows that the
deposition/dissolution process of magnesium has much higher
dependency on the activity of the electrochemical active species
in comparison with the lithium.

We assume this phenomenon is strongly related to the equilib-
rium of various species in the solution. Once the activity of one
species changes, the activity of all the other species need to be
changed to come back to the equilibrium. Therefore this process
always involves some reaction such as transmetalation. As a result
the kinetics of the electrodeposition of magnesium could be deter-
mined by the kinetics of equilibrium we discussed in above.

Based on the above discussion, a possible mechanism which
may explain the reason why the magnesium did not form den-
dritic deposition product. During the electrodeposition process of
magnesium, at first the electron transfer from electrode to elec-

trochemically active species occurs at a local site of the electrode
surface resulting to form the first deposit such as a nucleation. At the
moment the deposition occurs, the activity of the electrochemical
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s, 25 mV s−1, −2.0 to 2.5 V vs. Mg (a) 0.25 M EtMgCl–2Me2AlCl in THF, (b) 0.10 M
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Fig. 9. Schematic image of magnesium deposition process (a) after the first deposition, (b) after the following deposition (color of the electrolyte represents the concentration).
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(1 0 0) preferred orientation formed by maximizing the crystal
Fig. 10. SEM images of the electrodeposited magnesium depos

ctive species surrounding the magnesium deposit decreases even
or a very short moment. Since the overpotential of magnesium
eposition has high dependency on the activity of the electro-
hemical active species, the overpotential for further deposition
f magnesium on the first deposits significantly increases. Hence
nother local site at electrode surface becomes a preferred site for
he next deposition. A schematic image of the moment after the first
eposition is shown in Fig. 9(a). Then the second deposition occurs
t another site as shown in Fig. 9(b). By repeating this process, the
ucleation of magnesium takes place very randomly and the depo-
ition current cannot be focused on a local area of electrode surface.
s a consequence the magnesium deposit forms very uniform depo-
ition product as we observed in the first part of the discussion.
ig. 10 shows SEM images for electrochemically deposited magne-
ium in the early stage of deposition (0.5 mAh cm−2, 0.25 C cm−2).
he magnesium particles with uniform size approximately 1.5 �m

ere observed in the wide area of the electrode surface. The mor-
hology of the magnesium deposits suggests that the random
ucleation process took place at the electrode surface as same as
he above hypothesis. Further investigation such as characteriza-
0.5 mA cm−2 for 500 s (0.25 C cm−2), (a) 1000× and (b) 5000×.

tion of electrochemical active species and a mechanistic study of
magnesium ion transportation in the electrolyte solution will be
necessary to prove it.

4. Conclusion

The electrodeposition process of magnesium from Grignard
reagent based electrolyte solution was studied by comparing with
lithium. Two different crystal growth modes in the electrodepo-
sition process of magnesium were confirmed by SEM observation
and XRD analysis. The magnesium deposit obtained at low current
density showed (0 0 1) preferred orientation formed by minimizing
surface energy during slow deposition process. On the contrary,
the magnesium deposit obtained at high current density showed
growth speed for high deposition rate. The obtained magnesium
deposits did not show any dendritic morphology while the lithium
showed dendritic deposits obtained at the same electrochemical
condition.
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