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ABSTRACT: We describe a voltammetric and spectroscopic
study of Mg electrodeposition/dissolution (MgDeP/Dis) in
borohydride diglyme electrolyte solution containing Li* carried
out on a Pt ultramicroelectrode (UME, r = § um). The data
reveal Li" cation facilitation that has not been previously
recognized in studies made using macroelectrodes. While a
single broad, asymmetric stripping peak is expected following
Mgp., on a Pt macroelectrode in 0.1 M Mg(BH4)2 + 1S M
LiBH, diglyme solution on a Pt UME, the stripping reveals
three resolved oxidation peaks, suggestmg that Mgpe,/pis
consists of not only a Mg/Mg** redox reaction but also
contributions from Mg—Li alloying/dissolution reaction
processes. Detailed XPS, SIMS, ICP, and XRD studies were
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performed that confirm the importance of Mg—Li alloy formation processes, the nature of which is dependent on the reduction
potential used during the MgDep step. Based on the electrochemical and surface analysis data, we propose an electrochemical
mechanism for Mgp.,/p;s in a borohydride diglyme electrolyte solution that, in the presence of 1.5 M Li" ions, proceeds as
follows: (1) Mg2+ +2e” = Mg; (2) (1 — x)Mg™ +aLi" + (2 — x)e” = Mg(,_,Li, 0 < x <0.02; and (3) (1 — y)Mg™* +yLi" +
(2 —y)e” = Mg(;_,Li, 0.02 < y < 0.09. Most significantly, we find that the potential-dependent Mgp,, p;; kinetics are enhanced
as the concentration of the LiBH, in the diglyme electrolyte is increased, a result reflecting the facilitating influences of reduced
uncompensated resistance and the enhanced electro-reduction kinetics of Mg** due to Mg—Li alloy formation.

KEYWORDS: Pt microelectrode, Mg rechargeable battery, Mg electrodeposition/dissolution, stripping peak, Mg—Li alloy,

magnesium borohydride

1. INTRODUCTION

The Mg electrodeposition/dissolution reaction (MgDeP/DiS) is
considered to be a promising anode reaction for use in a
rechargeable, high-volumetric-density Mg battery. The reversi-
bility of the Mgp.,/p;; processes, however, is dependent on
electrolyte composition, and most organic solvents and
conventional salts fail to demonstrate reversible behav10r
during MgDeP/Dls due to the formation of passivation films.'

Aurbach et al.” reported that ether electrolyte solutions with
AlCl3_R, + RyMg exhibit near 100% Coulombic efficiency for
Mgpep/pis- Corrosive behaviors in working electrode systems
were reported to result, however, due to the presence of the
chloride anion in an Mg-organohaluminate electrolyte.>* As an
alternative electrolyte, Mohtadi et al.’> reported a reversible,
halide-free Mgp,,, ;s system containing Mg(BH,), dissolved in
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a THF or DME solution. Additionally, this group reported that
addition of LiBH, as an additive in DME enhanced both the
current densities and the Coulomblc efficiency of Mgp.p/pis-
Following that report, Shao et al observed an interesting
phenomenon that the addition of LiBH, dramatically enhances
the Mgp.,/p;s kinetics in the diglyme borohydride electrolyte.
Detailed electrochemical mechanisms of Mgp.,/p;; occurring
both with and without LiBH, in the diglyme solution have not
been reported, however, and thus, the synergistic effects of the
Li* on the electrochemistry in this electrolyte remain
incompletely understood.
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Figure 1. Twentieth cycle CVs of Mgp.,p;, in 0.1 M Mg(BH,), + 1.5 M LiBH, diglyme solution on (a) a Pt macroelectrode (r = 2.5 mm), (b) a Pt

UME (r = 5 ym), and (c and d) their corresponding stripping peaks.

The development of a high-performance metal-anode
chemistry for use in Mg rechargeable batteries is a matter of
great current interest in research, and significant efforts have
been made to develop and better understand the electro-
chemistry of the Mg/Mg*" electrochemical system. From a
technical perspective, a high concentration of Mg** (>0.01 M)
is desirable to achieve high theoretical energy densities. The
study of Mg anodes under such conditions, however, is difficult
due to severe voltammetric distortions that result from the large
iR drop that occurs in solutions made with low dielectric
constant solvents. In such cases, the use of an ultra-
microelectode (UME) is particularly advantageous for electro-
analysis because the iR drop can be reduced to negligible levels
due to the small magnitude of the currents passed in the UME.”
Numerous examples of electrochemical measurements made
using the UMEs in challenging contexts are available in the
literature.* ™"

Mg—Li alloys have been the subject of extensive studies
motivated by the potential uses of this low-density material in
the automobile, electronic, and aerospace industries. Zhang et
al."*™'® reported direct electrodeposition of Mg—Li alloys on
inert electrodes from high-temperature chloride melts. The
electrochemical Mg—Li alloying/dealloying reaction has also
been the subject of study, and Sohn et al'”'® reported
lithiation of a Mg/C composite electrode. The phase transition
suggested for the electrochemical Mg—Li alloy formation is
reported as (1) Mg — a-Mg (Mg-rich phase) and (2) a-Mg —
p-Li (Li- rich phase). Thermodynamically speaking, the
reduction potential for each phase should be different, and
thus, distinct voltammetric peaks should possibly be monitored
for a sequence of phase evolution." Such behaviors during the
electrochemical formation of Mg—Li alloys have not been
reported, however.'”

In this report, we describe the results of electrochemical and
correlated physicochemical characterization studies made using
a Pt UME to probe Mgpep/pis Processes occurring in a
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borohydride diglyme electrolyte solution containing Li*. The
current data demonstrate complex electrochemical dynamics,
including the resolution of three oxidation peaks, which are
associated with the formation and dissolution of Mg and Mg—
Li alloys of different compositions. The data from electro-
chemical, physical, and spectroscopic analyses demonstrate that
Li* ions foster a synergistic enhancement of the electro-
chemistry of Mg in ethereal borohydride electrolyte solutions.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Magnesium borohydride (Mg(BH,),, 95%),
lithium borohydride (LiBH,, > 95%), diethylene glycol dimethyl
ether (diglyme, anhydrous, 99.5%), and tetrahydrofuran (THF,
anhydrous, > 99.9%) were purchased from Sigma-Aldrich and used
without further purification.

2.2. Electrochemical Measurements. A Pt ultramicroelectrode
(UME) with radius, r = S um was purchased from CH Instruments,
Inc. (Austin, TX). A Pt macroelectrode was prepared by DC
sputtering (AJA International, Inc., Scituate, MA) using an Ar plasma.
A silicon wafer with a ca. 300 nm thick oxide (University Wafer,
Boston, MA) was first coated with a 6.0 nm adhesion layer of Tj,
followed by ca. 300 nm Pt at SO W and 3 mTorr Ar. Deposition rates
of Ti and Pt were ca. 0.3 and 1.0 A/s, respectively. For the Mg
macroelectrode, a 0.1 mm thick Mg foil was used. MicroCut Disks
(1200G/P2500) were used for polishing the foil (Buehler, Lake Bluff,
IL). To minimize oxide layer formation, we performed the polishing
process in an Ar filled glovebox. Electrochemical measurements were
performed in a three-electrode cell configuration using Pt or Mg as the
working electrode and polished Mg ribbons as both the counter and
reference electrodes, respectively. Li bulk deposition and Li under-
potential deposition (upd) measurements were performed using a Pt
electrode with Li ribbon for the reference and counter electrodes.
Potentials are reported versus Mg/Mg“. For macroelectrode measure-
ments, a home-built, enclosed, Teflon electrochemical cell was used.
Microelectrode measurements were performed using an enclosed $
mL glass vial. A CH 660D potentiostat (CH Instruments, Inc., Austin,
TX) was used for all electrochemical measurements. For cyclic
voltammetry, the scan rate in all experiments was 0.02 V/s. All
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electrochemical experiments were performed inside an Ar filled
glovebox, where [H,0] and [O,] were <0.1 and <S ppm, respectively.

2.3. Materials Characterization. X-ray photoelectron spectros-
copy measurements were performed using a Kratos AXIS Ultra
spectrometer with a monochromatic Al Ka (1486.6 eV) X-ray source.
High-resolution spectra were collected with 40 eV pass energy, and the
binding energy scale was referenced to the aliphatic C 1s peak at 285
eV.

Secondary ion mass spectrometry (SIMS) measurements were
made using a Cameca IMS SF spectrometer. A 200 nA O," primary
ion beam was accelerated to 12 kV voltage and rastered on the sample
over a 200 X 200 ym area. The secondary ions were collected in the
magnetic sector mass analyzer using a 750 um field aperture and 150
pum contrast diaphragm. Secondary ions were collected on an electron
multiplier for count rates between 1 to 10° counts per second (cps)
and on a Faraday cup for higher count rates. Jumps in the data from
~10° to 10° cps are due to switching between the detectors. The
sputtering rate was determined by measuring the crater depth using a
Dektak 3ST stylus profilometer. X-ray diffraction (XRD) measure-
ments were carried out using a PANalytical X’pert MRD system at
angle of incidence Q = 1°, with a detector (26) scan step size of 0.02°,
at 0.5 s per step. The Q = 1° angle of incidence was chosen to facilitate
characterization of the electrodeposited film. Inductively coupled
plasma (ICP) analyses were performed by using a ELAN DRC-e ICP-
MS operated in the School of Chemical Sciences Microanalysis
Laboratory. The morphology of the Mg—Li deposit was characterized
using a field-emission scanning electron microscope (FESEM, Hitachi
$-4700).

3. RESULTS AND DISCUSSION

3.1. Electrochemistry of Mg/Mg?* Occurring on Pt
Macro- and Microelectrodes. The electrochemical behaviors
of Mg during deposition and dissolution shows marked
sensitivity to its voltammetric cycling history; Mg becomes
more stable in nature after an activation phase of several
deposition and dissolution cycles, which is mainly associated
with the elimination of impurities adsorbed on the Pt surface
during the Mgp.,/p;s cycling. Representative data for the latter
are shown in Figure 1a, which shows data from the 20th cyclic
voltammogram (CV) obtained from a Pt macroelectrode
immersed in a solution containing 0.1 M Mg(BH,), + 1.5 M
LiBH, dissolved in diglyme. On the cathodic sweep the CV is
flat until a potential of ca. —0.43 V vs Mg/ Mgz*, where the CV
shows the onset of reductive behavior. Reversing the scan
direction leads to a decrease in reduction current and then one
broad, asymmetric oxidation peak after 0 V is reached. This
behavior is in agreement with CV data reported previously in
the literature.® Figure 1b shows the corresponding 20th cycle
voltammetry data obtained using a Pt UME immersed in the
same solution. The onset of a reductive current on the cathodic
scan also occurs at —0.4 V, with a continuous increase in its
magnitude as the potential becomes more negative. Electro—
deposition onto a UME typically exhibits limiting behavior,"”
and the limiting current i, given by eq 1

i, = 4nFCDr (1)
where F is Faraday’s constant, C is the bulk concentration of
Mg*, r is the UME radius, n is the number of electrons
transferred (n = 2), and D is the diffusion coefficient. The
magnitude of D was estimated by using a potentiostatic
transient method on the UME (Figure S1, Supporting
Information) and found to be ca. 1 X 107 cm?/s. Using this
value, we estimated that the steady state current should be ca.
30 nA. However, Figure 1b shows that the reductive current at
the UME is substantially greater than this value and approaches
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190 nA. Because this current is higher than the limiting current
expected from the UME, it must be the case that the reductive
process occurring on the UME is not limited to Mg
electrodeposition alone, but must also include contributions
from other processes.

Figure 1b also shows that the stripping peak from the UME
is substantially more complex, leaving resolved features relative
to generally broad peaks shapes obtained with the macro-
electrode. Figure 1c,d compares the stripping peaks from the
two electrodes more directly. While the stripping peak from the
macroelectrode is essentially featureless (Figure 1c), that from
the UME (Figure 1d) is resolved into three distinct peaks, seen
here at 0.15, 0.19, and 0.21 V, respectively. The presence of at
least three distinct stripping features highly suggests that the
dissolution process can be attributed to three distinct oxidation
reactions.

The presence of three oxidation peaks on a Pt UME is
directly related to the presence of Li* in the borohydride
diglyme solution. In CVs measured without the addition of
LiBH,, only one stripping peak is observed, which must be
associated with Mg dissolution. These data also evidence
substantially lower current densities relative to that for
electrolyte solutions containing Li* (Figure S2, Supporting
Information). The effect of LiBH, concentration on the overall
kinetics of Mgp.,,/p; is discussed in detail in sections that
follow.

The quantitative attributes of the three oxidation peaks
observed in the Pt UME voltammetry data in the presence of
LiBH, are markedly dependent on the limiting cathodic
polarization potential, Ep.4. The data in Figure 2a shows
representative CVs obtained on cycling from 1 V to different
values of Ep.4. As Ep.q becomes more negative, the magnitude
of the integrated deposition current increases. Figure 2b shows
that, at Ep,qy = —0.5 V, only one stripping peak at 0.15 V is
observed (Peak A). When Eg.4 is increased to —0.62 V, a
second stripping peak is evident centered at ~0.19 V (Peak B).
A third oxidation peak, seen at 0.23 V (Peak C) finally emerges
at values of Ep.q = —0.7 V. The emergence of the three discrete
stripping peaks strongly suggests that they originate from three
mechanistically distinct electro-reduction processes.

Figure 2c shows a quantitative analysis of the stripping
charges, Quuippingy Obtained by integrating mathematical fits
made to deconvolute the oxidation peaks (A, B, and C) seen as
a function of Eg 4. To do so, the primary data were fit assuming
that the three oxidation reactions were ideally Nernstian, and
the number of transferred electrons = 2, assumptions validated
by analyses discussed in detail below. On the basis of these
assumptions, we set the total width at half-height for each of the
stripping peaks, AE, |/, equal to 45.3 mV, and each peak fit
with a Gaussian line shape.”® The main points established by
this analysis are that the integrated magnitudes of the charge
associated with peak A, Quyippingas continuously 1ncreases as
Epeq became more negative, reaching a value of 2.3 C/cm” at a
limiting Ezy = —0.8 V. The onset of nonzero values of
Qstrippings Was evidenced when limiting values of Eg.4 reached ~
—0.6 V, a value some 0.1 V more negative than that seen for the
onset of Qquippinga- 1he processes mediating the deposition of
the B-state material are quite efficient, and Quuippings Values
reached 3.1 C/cm?® at Epy = —0.8 V. The apparent onset of
Quipping c contributions occurred at more cathodic potentlals, at
values of Eg.q near —0.7 V with Q_smppmgdc reaching 2.9 C/cm” at
Egeq = —0.8 V. By way of comparison, an equivalent integrated
stripping current for a monolayer of Mg on polycrystalline Pt
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Figure 2. (a) CVs on a Pt UME (r = S ym) cycled from 1 V to
different Ep4 in 0.1 M Mg(BH,), + 1.5 M LiBH, diglyme solution, (b)
their stripping peaks at different Egp.y and (c) estimated stripping
charges from each oxidation peak, A, B, and C as a function of Eg..

would yield a charge of ca. 420 uC/cm? assuming a close-
packed arrangement of Mg (atomic radius = 145 pm) with a
two electron transfer occurring with 100% Coulombic
efficiency, a number which is a factor of 7 X 10° smaller than
the total stripping charge found here. The data thus reveal that
the oxidation peaks represent the stripping of essentially bulk-
like material from the Pt electrode surface.

We next address the impacts of LiBH, alone on the
voltammetry of the Pt UME. Figure 3 shows CVs obtained
from a solution containing 1.5 M LiBH, in diglyme. The CV
presented in Figure 3a shows that the onset of the lithiation of
Pt occurs at —0.88 V versus Mg/Mg*". This potential is
substantially more negative than that utilized in the Mg
deposition measurements described above. The data demon-
strate that bulk lithiation alone cannot be responsible for the
complex stripping behaviors observed when Mg’* is present in
the electrolyte. A deeper insight into the electrodynamics of the
Pt/Li* system is affected by an analysis of the CV data
presented in Figure 3b, which shows the presence of a
reduction peak at —0.47 V versus Mg/Mg** and a
corresponding oxidation peak at —0.35 V versus Mg/Mg>".
Integration of these peaks shows that the charge associated with
adsorption/stripping in this case is ~256 §C/cm?, a value close
to that expected for a monolayer of Li (210 uC/cm*) on a
polycrystalline Pt surface, assuming a close-packing arrange-
ment of Li with one electron transfer. On the basis of this close
correspondence of charges, we associate these new peaks with
Li upd on the Pt surface. We note that prior work showed Li
upd on Pt in THF occurs at approximately the same
potentials.”** This observation strongly suggests that Li is
present as a upd adlayer on Pt at the potentials at which bulk
Mg deposition occurs. The presence of Li on the electrode
surface during the Mg deposition process suggests that Li and
Mg may form an alloy. Indeed, prior studies have suggested that
upd adlayers can facilitate nucleation and growth in alloy
formation processes.'®>372

To test whether a mechanism involving alloy formation
might be the origin of the complex UME voltammetry observed
in the Li/Mg BH,™ system, we carried out a systematic study
using an electrolyte solution containing 1.5 M NaBH, + 0.1 M
Mg(BH,), while keeping other conditions the same as those
used in the prior Li*-based experiments. This provides an
essential control of bulk growth behaviors because M§ does not
form a stable alloy with Na at room temperature.”® The CV
data presented in Figure S3 (Supporting Information) show
that in this case only a Mg** reduction process occurs on the Pt
UME in diglyme solution. The CV exhibits only a single
stripping peak in contrast to the more complex behavior found
with Li. Together, the data support the conclusion that the
three peak stripping behavior seen above is one associated with
electro-reduction mechanism involving Li—Mg alloy formation.

3.2. XPS, SIMS, and XRD Characterization of Mg—Li
Alloy Formation. To better characterize the mechanism

j (AJem?)
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Potential (V vs. Mg/Mg*")
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Figure 3. CVs (a) for the bulk lithiation and (b) for the Li upd/desorption on a polycrystalline Pt UME (r = S ym) obtained in 1.5 M LiBH,

diglyme solution.
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Figure 4. SIMS depth profiles from deposited films at (a) Eg.q = —0.4 V and (b) —0.8 V. Electrodeposition was performed for S h at given Eg_4 in 0.1

M Mg(BH,), + 1.5 M LiBH, diglyme solution.

positing the formation of a Li—Mg alloy, we obtained SIMS
data from films electrodeposited at different values of Eg 4. The
results are presented in Figure 4, which shows SIMS depth
profiles measured from films electrodeposited from solutions
polarized for S h at Eg.y = —0.4 and —0.8 V (Figures 4a and b,
respectively). In the film prepared at Ep.q = —0.4 V, a signal for
Li was detected at relatively low intensity until the signal
associated with Si increased, indicating the end of the metallic
electrode. The interfacial mixing indicated by the Mg and Si ion
intensities likely results from the ion-milling process, an
inference supported by control experiments. We note that the
Pt signal is not shown in these data as conditions that
optimizing the instrument for analyses of Mg and Li were used.
The Pt signal is found in control experiments, as is illustrated
by the SIMS data shown in Figure S4 (Supporting
Information).

The SIMS data obtained from films deposited at Ez.4 = —0.8
V, also shown in Figure 4b, exhibit substantially increased Li
intensities relative to the data for deposition carried out at Eg.g
—0.4 V. The intensity of the Li signal is now several orders of
magnitude higher and evidenced throughout the full extent of
the Mg deposit. These data compel the finding that a
codeposition of Li and Mg occurs and that the amount of Li
in the Mg—Li deposit is strongly dependent on Epg.

Figure Sa shows high-resolution XPS spectra obtained in the
energy region associated with the Li 1s and Mg 2p core levels
for films prepared at different values of Ep.4. We should note
that a small amount of Mg (68.4 nmol/cm*) was deposited
even by applying Ez.qy = —02 V for 5 h as shown in the
corresponding i—t curve in Figure SS (Supporting Informa-
tion). With Ep,y = —0.2 V, the XPS shows a peak associated
with Mg?* (likely MgO at 50.1 eV) and a smaller one associated
with Mg(0) (48.4 eV).”” MgO is formed on the surface as a
result of the air exposure that occurs during transfer from the
glovebox to the XPS vacuum chamber. For films prepared at
Erea = —0.4 V, a peak at 592 eV is evidenced, which is
associated with a bulk plasmon excitation from Mg metal.”® A
weak peak at 55.4 eV is assigned to the Li 1s peak from Li,O,
again a product formed as a result of oxidation occurring during
sample transfer.”®*’ At Ep.q = —0.8 V, the Li 1s core-level peak
is more intense, indicating the presence of substantial Li in the
film at this deposition potential, a finding in agreement with the
SIMS profiles described above. The upper graph in Figure Sb
shows the Mg 2p peaks associated with Mg®* and Mg(0)
present in the films electrodeposited at Eg.,y = —0.6 V (black)
and Epyq = —0.8 V (red), respectively. For these plots, a
baseline was subtracted from high energy resolution data, and
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Figure 5. (a) High-resolution XPS spectra from films prepared at
different Eg.q. (b, upper) Mg 2p peaks associated with Mg and
Mg(0) in XPS spectrum obtained from the films electrodeposited at
Egeq = (black) —0.6 V and (red) —0.8 V, respectively and (lower)
spectra generated by subtracting the signal of Mg 2p peaks obtained
from electrodeposited film at Ep.,q = —0.8 V from that at Ey 4 = —0.6
V. (c) Atomic percent of Li from Mg—Li deposits prepared at different
Epegs at.% of Li over Mg in each film was estimated by both XPS (black
W) and ICP analysis (red @), respectively. All Mg—Li deposits were
electrodeposited at different Ep 4 in 0.1 M Mg(BH,), + 1.5 M LiBH,,
diglyme solution for S h.

the intensities of the two spectra normalized to the magnitude
of the Mg®* peak. The subtracted XPS spectra (Figure Sb
lower) shows that the binding energy of the Mg 2p peak
associated with Mg** in the two spectra are, in fact, similar (as
expected for it being a native oxide formed post-deposition).
The peak associated with Mg(0), however, shifts to lower
binding energy as Eg 4 is progressively polarized from —0.6 to
—0.8 V. The subtracted XPS spectra clearly show that the
binding energy of Mg 2p peak associated with Mg(0) from the
film at Ep.q = —0.8 V was 0.65 eV lower than that from the film
electrodeposited at Ep,q = —0.6 V; this shift clearly indicates
Mg—Li alloy formation.**?’

The data in Figure Sc reports on the atomic percent (at.%) of
Li in the Li—Mg film obtained as a function of Eg,4 as assessed
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via surface limited (ca. 3 nm) XPS analyses and ICP
microanalysis of the full deposit. The figure shows that Li is
present in the Mg film even at Ep 4 =-0.4 V, and the amount of
Li increases as Ep.q becomes more negative. There is a dramatic
increase in the amount of Li incorporated into the film between
Egeq = —0.6 V and —0.8 V. The data in Figure Sc suggest that
there are effectively three different mechanistic regions, each
corresponding to different values of Ey.4. In the first region
(Epeq = —0.4 V), relatively little Li is incorporated in the Mg
deposit. In the second region (—0.8 < Ep4 < —04 V),
intermediate Li concentrations are found. At Ep .4 = —0.8 V, the
Li concentration in the deposit becomes quite substantial,
approaching 10 at.%. Taken together with the SIMS data, the
phase present in the latter case must result from dynamics that
lead to full bulk incorporation of Li in the Mg deposit. The
atomic structure of this phase is discussed in detail in the
sections that follow. Also, we observed that the at.% of Li over
Mg at the surface measured by XPS was slightly higher than
that in the bulk as measured by ICP in the deposits prepared at
Egeq = —0.4, —0.6, and —0.8 V. The observed greater at.% of Li
over Mg at the surface than in the bulk of the Mg—Li alloy
deposits could possibly be associated with an SEI layer
containing Li*. However, the observed ~100% Coulombic
efficiency in Mgp.,/p;s estimated by CVs obtained in a diglyme
electrolyte solution containing 0.1 M Mg(BH,), and 1.5 M
LiBH, indicates the absence of or negligible amount of SEI
layer containing Li*, which is well-known to block Mg*" ion
transport.

We carried out X-ray diffraction studies to characterize the
atomic structure of the Mg deposits/alloys afforded by this
electrolyte system. Figure 6a shows an XRD pattern obtained

planes at 20 = 32.36 and 36.90°, respectively, are listed in Table
1. The film deposited at Ep.,4 = —0.8 V exhibits both a4 and ¢

Table 1. Lattice Parameters Estimated from a-Mg (100) and
(101) Peaks

lattice parameter

structure a (A) c (A)
Mg 321 5.21
Lig9,Mg, os 3.19 5.13
this work (Epeq = —0.8 V) 3.19 5.18

parameters that are shortened compared to those for bulk Mg,
while a was close to that in Lijg,Mg,os. We note that
differences between our film and Lij 9,Mg, s are to be expected
because our film contains only one-half the amount of Li
relative to the literature standard (ca. 9% Li vs 18.4%). To
better illustrate these features, the peak from the (101) plane of
the Mg—Li alloys deposited at Ez 4 = —0.4, —0.6, and —0.8 V
are compared in Figure 6¢c. The data in the figure show that this
peak shifts to higher values as Ep.q is shifted cathodically,
indicating a Mg—Li alloy formation with more Li in the
structure as Ep, becomes more negative. To verify the
observed shift was not an artifact, we compared a Pt (111)
peak in each XRD pattern as a standard, and this peak position
did not change as a function of Epq.

To further confirm that the Mg—Li deposit was not a mixture
of Li and Mg metals but rather their alloy, we investigated Li
diffusion into bulk Mg (depositing the Li from a lithium
borohydride diglyme electrolyte solution). The data in Figure
7a shows a CV measured on a Mg macroelectrode (r = 2.5

(@)

(@ Pte111) a-Mg (101)
Egeq =-0.8V " ::\xg T T T
< &
H = A X’%—
i s \
30 40 50 60 70 80 90 b
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Mg(101) Li, ;Mg ,(101) c
W5 Ee Hs wo ws wo 38 39 40 41 42 36 37

20 (deg.) 29 (deg)

Figure 6. (a) Wide-range XRD pattern of a deposited film at Eg 4 =
—0.8 V on a Pt macroelectrode, (b) a peak from a-Mg (101) plane,
and (c) peaks from a Pt (111) and a a-Mg (101) plane on deposited
films at different Eg,4, (black) —0.4, (blue) —0.6, and (red) —0.8 V. All
Mg—Li films were electrodeposited for 5 h.

from a film deposited chronoamperometrically at Ey g = —0.8 V
for 5 h on a Pt macroelectrode. The peaks indicated in Figure
6a are assignable to either the underlying Pt substrate or an
electrodeposited Mg—Li alloy. The literature provides no
explicit match for the diffraction data presented here. The best
fit found corresponds to the reflections and spacings of
Lig9,Mg, s (PDF 03-065-4080), although significant strains in
relation to that phase are in evidence. The lattice parameters (a
and c) estimated from peaks attributed to (100) and (101)
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Figure 7. (a) CV obtained from a Mg macroelectrode (r = 2.5 mm)
immersed in a dyglyme solution containing 1.5 M LiBH, from 0 to
—0.8V, and (inset) 0 to —1 V; (b) depth profile from a lithiated Mg at
Ep = —0.8 V for 5 h in 1.5 M LiBH, diglyme solution.

mm) immersed in 1.5 M LiBH, diglyme solution. The
reduction current, seen in Figure 7a, occurs from 0 to —0.8
V, which is ca. 0.1 V more positive than an onset potential of
bulk Lip,, as shown in the inset of Figure 7a. A lithiating
potential, E;;, = —0.8 V was applied to the Mg macroelectrode
for S h, and SIMS was performed (Figure 7b). The data
strongly suggests a facile interdiffusion of the Li into the Mg
base electrode is occurring under these conditions. An effective
penetration length was estimated from the surface down to a
point where the intensity of the Li signal dropped two orders of
magnitude. From this distance, an estimate can be made of the
diffusion coefficient, Dy, estimated to be ~1.53 (+0.13) x 107"
cm’/s.

On the basis of these electrochemical, physical, and
spectroscopic analyses, we can fully confirm the electro-
deposition of a Mg—Li alloy and its dissolution in 0.1 M
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Figure 8. (a) First-cycle CVs on a Pt macroelectrode (r = 2.5 mm) in 0.1 M Mg(BH,), diglyme solution with 0.1, 0.5, 1.0, and 1.5 M LiBH,, (b) at.
% of Li in bulk Mg—Li deposits measured from ICP analysis, (c) CVs on a Mg macroelectrode (r = 2.5 mm) in diglyme solution with 0.1, 0.5, 1.0,
and 1.5 M LiBH,, and (d) effective penetration length estimated by depth profiling from lithiated Mg at E;;, = —0.8 V for S h in diglyme solution

with different LiBH, concentration.

Mg(BH,), + 1.5 M LiBH, diglyme solution. We tentatively
assign the three stripping peaks observed in the CV measured
at Ep,g = —0.8 Vin a 0.1 M Mg(BH,), + 1.5 M LiBH, diglyme
solution on a Pt UME to the following formal dissolution
reactions:

Mg, Li, = (1 = y)Mg™" + yLi* + (2 = y)e’,

0.02 <y <009 (peakA) (3)
Mg, _ L, — (1 — x)Mg** + xLi* + (2 — x)e,

0<x<002 (peakB) 4)
Mg — Mg** + 2¢”  (peak C) (5)

The less noble Li—Mg alloy phases are stripped first,
followed by low [Li]/bulk Mg, the loss of which is detected in
peak C.

The stripping voltammetry described in this report follows
mechanistic trends described in the earlier studies of the
electrodeposition of various binary alloys. De Long et al**
reported on the electrodeposition of a Co—Al alloy from room
temperature chloroaluminate molten salts, and observed a CV
with three distinct stripping peaks attributed to the dissolution
of Co and Co—Al alloys with different Al compositions. Hussey
et al*® reported on electrodeposited Ni—Al alloys, and
observed two stripping peaks associated with the dissolution
of Ni and a Ni—Al alloy. These precedents strongly support the
assignments made here for the Mg/Li system.

3.3. Characterization of Mg-Li Alloy Formation:
Dependence on LiBH, Concentration in a Diglyme
Electrolyte Solution. Figure 8a shows first-cycle CVs
measured on a Pt macroelectrode immersed in 0.1 M
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Mg(BH,), diglyme solutions with different LiBH, concen-
trations. The presence of different amounts of Li in solution
perturbs the current densities associated with both the
deposition and stripping steps, trends similar to those
previously reported.” The differences in current density, we
note, could be associated with either the presence of more Li in
the Mg—Li alloy or changes in solution characteristics
important to the electrochemistry (or both in some measure).
The data presented below provide useful insights here.

We first examined the importance of a reduction in
uncompensated resistance, R,, which occurs with increasing
LiBH, concentration. The LiBH, acts as a supporting
electrolyte serving to increase conductivity of the borohydride
diglyme electrolyte and reduce ohmic polarization.>> The
magnitude of R, was measured in 0.1 M Mg(BH,), diglyme
solutions with different LiBH, concentrations (data shown in
Figure S7, Supporting Information).”® As the LiBH, concen-
tration was increased from 0.1 to 0.5 M, R, decreased from 8.0
to 2.0 kQ before attaining a limiting value of 0.8 kQ at 1.5 M
LiBH,. Therefore, the Mgp., ;s kinetics is enhanced as the
LiBH, concentration in the diglyme electrolyte solution
increases from 0.1 to 0.5 M mainly because of the greatly
reduced R, in the solution.

The very large changes in the Mgp.,/p; kinetics, data for
which are shown in Figure 8a (measured at 1.0, 1.5 M LiBH,
concentration), cannot be associated with a reduction R, alone
as the values of its estimated maximum iR drop in 1.0 and 1.5
M LiBH, diglyme solution are 0.263 and 0.260 V, respectively.
This 3 mV difference cannot explain the significant current
density increase seen in Figure 8a.

Because the electrodeposition process involves Mg—Li
alloying and dissolution, the kinetics of this process must also
be affected by the amount of Li available for Mg—Li alloy
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formation and the nucleation/steady-state growth mechanism
that sustains it. This impact is clearly revealed in the data
presented in Figure 8b, which shows the at.% of Li in the bulk
Mg—Li deposit significantly increases from 1.4 to 7.8% as
LiBH, concentration in diglyme solution was increased from
1.0 to 1.5 M. The increased current densities observed in
solutions with higher Li concentrations must therefore be
associated with the formation of alloys that are more Li-rich, an
influence implicitly suggesting a facilitation of the underlying
atomistic mechanisms in some form.

The data presented in Figure 8¢, which investigates the
lithiation kinetics on Mg with different LiBH, concentrations,
sheds some insight on the latter point. From the CVs shown in
Figure 8¢, the lithiation kinetics evidenced at a Mg macro-
electrode are in fact greatly enhanced as the LiBH,
concentration in the diglyme solution are increased. As one
might expect, the data presented in Figure 8d further shows
that the effective penetration length of Li into the Mg increases
as well with this increase in the solution Li concentration. In
other words, the phase dynamics for electrochemical growth are
both facilitated for the binary compositions (relative to either
metal alone) and, to a strong degree, rate dependent. A stable,
nondepleting Li* flux is needed to sustain a form of growth
that, in its absence, occurs with a rather high overpotential (a
correlated argument exists for Li growth in the presence of
Mg**). In their combination, direct deposition of the binary
phase is both preferred and subject to direct mediation via
transport constraints. The important question that arises here is
one related to the atomistic attributes of the electrodeposition
dynamics. We believe that the codeposition behaviors of Li on
Mg provide some insight into the latter. The, data especially
that of Figure 7, show a strong facilitation of heteroatomic
deposition in the binary composition electrolytes. For example,
Li is very efficiently deposited on Mg in small quantities near 0
V versus Mg/Mg“. The corollary is that Mg“, as it exists in
this electrolyte, does not. The Li so deposited then changes this
attribute in a very marked way. This, we believe, provides an
opportunity for both theory and advanced atomic-resolution in
situ characterization tools to fully affirm and specify the nature
of the bimetallic interactions that both mediate and accelerate
the electrochemical deposition and stripping of divalent Mg,

4. CONCLUSIONS

In the discussions presented above, we have established the
features of a synergistic mechanism for the reversible
electrochemical deposition/stripping of Mg, one exhibiting an
enhanced efficiency for this divalent electrochemical system.
The data establish that the presence of Li cations in a
Mg(BH,),/LiBH, diglyme electrolyte solution leads to the
codeposition of Mg(;_,Li, alloys. These alloys are Mg-rich
compositions that incorporate Li in concentrations reaching as
high as 9 atomic percent. Most significantly, the thermody-
namic efficiencies of the metal deposition processes are greatly
enhanced, as evidenced by a rather large reduction in the
overpotential. The compositions of the alloys scale very
sensitively with both the deposition potential and solution-
based mass-transfer effects. The influences noted in the
deposition process are also accompanied by striking rate/
structure/composition correlations evidenced in the potential-
dependent dynamics of metal stripping processes.

Taken together, the data suggest an intriguing possibility that
electrolyte systems optimized for alloy (or intermetallic, or
both) compositions might be developed to explicitly enhance
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the reversible electrochemical efficiencies of metal electrode
systems of interest for use in advanced, high-energy-density
electrochemical energy storage systems.
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