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Abstract

Electrochemical energy storage is considered to be one of the most efficient storage
technologies. Metal air batteries concerning the increase in storage capacity, increase the
lifetime, and reduction of weight, size and costs leads to more and more interest in battery
research. In this study the metal (lithium, magnesium, and calcium) deposition and dissolution
as well as alloying/de-alloying are investigated for various salts and solvents for the anode
materials. The alloying-type anodes (Sb, Sn, and Bi as host material) for magnesium and
calcium batteries are good choices for rechargeable metal batteries because of their high
electrochemical properties.

The lithium deposition/dissolution are investigated in 1 M and 3 M LiTFSI/DMSO solution on
Au and Pt electrode. The highest coulombic efficiency of Li deposition/dissolution is observed
in 3 M solution on Au electrode. On Pt electrode the coulombic efficiencies are low for both
concentrations. The oxidative stability of this electrolyte is found to be around 4 V. The
decomposition of the specific lithium salt (LiTFSI) and of the DMSO-molecular are the main
reason and demonstrated by using DEMS. Hydrogen evolution and Li-Au as well as Li-Pt alloy
formation was also observed during the lithium deposition.

The magnesium deposition has been investigated in many electrolytes. MACC/TG and
Mg(BHa4)2/TG electrolyte systems show high reversibility and high coulombic efficiency
(99 %). However, the freshly prepared MACC/TG electrolyte needs to be conditioned until it
shows high reversible magnesium plating and stripping and the Al and Cl co-deposition is
observed. High concentration of Mg(BH4)>/TG (1.5 M) electrolytes results in a coulombic
efficiency of 70 % without addition of MgCl,. With an addition of 0.5 M MgCl, the coulombic
efficiency increase to 98 %. Due to the strongly reductive BH4 ion this electrolyte is compatible
with the magnesium metal. However, the oxidative stability is quite low. (2 V vs. Mg/Mg*")
Many electrolyte systems with varying Ca salts and organic solvents have been studied for Ca
deposition and dissolution. Most of Ca salts are not commercially available and their solubility
is quite low in the organic solvent. No reversible Ca deposition or alloying were observed in
most Ca?" containing electrolytes except 1.5 M Ca(BH4)»/THF (up to 98 % coulombic
efficiency and 100 mV overpotential). However, the electrochemical window of these
electrolytes is quite low. (3 V vs. Ca/Ca?")

The electrochemical properties of Li, Mg, and Ca alloying and de-alloying with Sb, Sn, and Bi
modified Au electrodes have been discussed. The cyclic voltammogram for alloying/de-
alloying with Sb, Sn, and Bi modified electrode shows a positive shift of the onset potential of

bulk deposition compared to that at bare Au electrode. The ratio of moles agrees with the
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stoichiometry of Li»Sb and Li3Sb for Li alloying; Mg3zSb,, Mg>Sn, and Mg3Bi» for Mg alloying;
and CaSba, Ca3Sn, and CaBi for Ca alloying. The diffusion coefficient of alloying in multi-
layers has been estimated by using various electrochemical techniques. The diffusion of metal
ion in a thin, bulk (massive) layer (Sb, Sn, and Bi) and the kinetic behaviours are studied by
using PITT, CV, and potential step experiments.

Three completely different behaviours were observed. First, the metal alloying is controlled
first by the nucleation and charge transfer after the double-layer charging and then by the
diffusion; or first by the charge transfer after the double-layer charging and then by the diffusion.
A plot of Q? vs. t is used for estimating the diffusion coefficient. Second, the other behaviour
was controlled simultaneously by both charge transfer and diffusion. The current drops directly

after the double-layer charge. A plot of i vs. t%

is used for estimating the diffusion coefficient

and, by extrapolation to t=0, the pure kinetic current. Third, the metal alloying is only diffusion-

determined process. The current drops directly after the double-layer charge. A plot of Q* vs. t

is used for estimating the diffusion coefficient.

The diffusion coefficients were estimated to be 4-7x10'* cm?/s for Mg alloying with Sb and 1-

4x10'* cm?s for Mg alloying with Bi, which are one magnitude less than the diffusion

coefficient 4-8x107"* cm*/s for Mg alloying Sn. The diffusion coefficients of Ca alloying were

estimated to be 0.9-1x107'* cm?/s for Ca alloying with Sb and 2-3x 10> cm?/s for Ca alloying

with Bi, which is one magnitude higher than the diffusion coefficient of 3x10'* cm?/s for Ca

alloying with Sn. Such diffusion coefficients, albeit still somewhat “apparent”, are much closer

related to the true diffusion coefficient in the metal or alloy. Furthermore, the diffusion rate of
divalent cations (Mg and Ca) is less than the diffusion rate of Li in the Sb adlayers (4-6X 1072 cm?/s)
In addition, a STM measurement for the Mg alloying with Bi has been studied. The Bi bulk shows

similar crystalline structure before (in aqueous solution) and after (in organic solution) transfer into

the glovebox. After the Mg alloying/de-alloying the surface of Bi is smoother and the crystalline

structure disappears.
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Notations

Qr Faradaic charge C Concentration

Co Saturation concentration E° Formal potential

R The universal gas constant, Temperature in Kelvin

n Number of electron F Faraday constant, 96485 C-mol-!

io Exchange current density a Trans coefficient

n overpotential Io Current density

Jo Diffusion flux D Diffusion coefficient

t Time M Molar mass

m Mass e Electron
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d Distance Ip Peak current

s Pi ict Charge transfer current density

N Nernst diffusion layer thickness Cs Surface concentration

w Width T Atomic radius

Ir Faradaic current 1 Length

e Elemental charge, 1.602 x 10-'° C \Y% Voltage

fo Resonant Frequency Pq Density of the quartz

Hg Shear module of the quartz Cr Calibration constant

ki Rate constant of i-th reaction 0] Work function
Planck’s constant v Binding energy

Iy Tunneling current 0 Surface coverage

Nsurtatoms | The number of surface atoms T Time constant

Eopen Open circuit potential
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Motivation

Electrochemical energy storage is considered to be one of the most efficient storage
technologies. Rechargeable batteries have become essential energy storing devices, which are
widely used in portable electronic devices and hybrid electric vehicles. More and better batteries
have to be developed for improving our society as concerns air pollution, oil dependency, and
climate change. Because Lithium-ion-batteries have several problems (limited safety, short
lifetime, low energy density...) further developments are needed. The post-lithium batteries
such as metal-air and multivalent batteries are starting to put pressure on the generally
acknowledged Li-ion battery. The improvement in batteries concerning the increase in storage
capacity, increase the lifetime, and reduction of weight, size and costs leads to more and more

interest in battery research.
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Figure 1. 1: The gravimetric energy densities (Wh/kg) for various types of rechargeable
batteries. The theoretical density is shown as the red bars while the practical achievable density
is indicated by the orange bars and numerical values.

Compared to conventional LIBs the Li-O> battery has 4-5 fold higher theoretical specific energy.
[1.21 The non-aqueous lithium-air battery therefore should be developed into a practical system
because of its highest energy density. (Figure 1.1) ¥ The LIB has an upper limit of the specific
energy of ~ 300 Wh kg'!. With the development of Li-air batteries, the electric automobiles
(EVs) can be driven with long range (500 miles) on a single charge and the specific energy can

be increased to 500 Wh kg!. 46!
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The electrode potentials and the volumetric charge densities for monovalent and multivalent
metals are shown in Figure 1.2. One of the largest problems for monovalent metals (Li and Na)
used as anodes is their high reactivity; this becomes a concern for the device’s safety because
of the formation of dendrites grows. Magnesium is one of the most abundant elements in the
Earth’s crust. Due to the currently dominating market power of China, there is no issue with
the abundance of Mg worldwide. Magnesium based secondary batteries have been regarded as
a viable ‘environmental friendly, non-toxic’ alternative compared to the Li-ion systems owing
to its high volumetric capacity (3833 mAh/cm?), low equilibrium potential (-2.37 V vs. RHE),
and non-dendritic growth during the deposition process. [¥?l Magnesium offers the possibility
of carrying and storing more charge per ion and improve the mobility of multivalent cations in
solid host structures. Furthermore, the physical properties of the magnesium should allow the
building of batteries with metal anodes.

Calcium has become today more and more into public attention for metal ion batteries and metal
air batteries. It has to be considered that calcium as charge carrier can achieve the same capacity
with only half of the amount of ions compared to using Na* or Li*. [ 13] Calcium is the fifth
most abundant element in the Earth’s crust and its standard potential is -2.87 V vs. RHE and
charge density of 1.34 Ah/g. Furthermore, because of less polarizing character, the Ca?" ion
should have more mobility than Mg?*. 14

This thesis focusses therefore on lithium, magnesium and calcium (and also their alloy type) as
anode material for application in metal-air batteries. Metal deposition/dissolution (and also

alloying/de-alloying) are investigated for various salts and solvents. The electrochemical
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performance is studied by cyclic voltammetry and galvanostatic experiments. The stability with
the respected anode is investigated by Differential Electrochemical Mass Spectrometry
(DEMS), in order to check the volatile products from the electrolyte decomposition. By
potential step experiments the kinetic of alloying/de-alloying is studied and the diffusion
coefficient of metal ion in the solid host material can be estimated. The surface morphology
(the formation of a dendrite or passivation layers) are checked by electrochemical scanning

tunneling microscopy (EC-STM).

1.2 Overview of the research topics

1.2.1 Lithium Batteries

In a lithium air battery metallic lithium is used as negative electrode. The use of metallic lithium
as the anode leads to a very high theoretical specific capacity (~ 3860 mAh g!) and a reduction
potential of —3.040 V versus the standard hydrogen electrode. For the cathode, oxygen is the
active material, which does not need to be stored in the battery but comes from the environment.
The oxygen could pass through an electronically conducting porous matrix and reacts with the
Li ions, which is in the electrolyte solution. At the compartment of the anode the deposition and
dissolution of lithium takes place, while at the cathode the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) occurs.

During discharge the oxygen reacts with Li ions at the cathode, is reduced in the first step to
LiO; via a one electron transfer. Then the LiO> will undergo a second electron transfer or a
disproportionation reaction to finally form Li>O> as the discharge product. The Lithium
peroxide is not soluble in the aprotic solvents, [!*) it deposits on the electrode and blocks the
electrode. During charging the deposited Li2O2 is oxidized back to molecular oxygen. A cycled
Li-air cell using LiPF¢ in tetraglyme was reported and the reaction of the Li anode with the
electrolyte was studied. ['® The morphology of the Li anode is changed after several charge-
discharge cycles forming dendrites at the anode due to the reaction between the electrolyte and
plated Li. One of the challenges for the lithium oxygen batteries is to find a safe anode and
increase the stability of a Li anode for the lithium deposition/dissolution.

The form of an artificial solid electrolyte interphase (SEI) as an anode protection film is used
to increase the stability of the Li anode. ['->!) It was reported that an increase in the stability of
the SEI achieved by optimizing the complex compound between the salt and solvent molecule
can promote metal deposition and enhance the coulombic efficiency. Kozen et al. [*%
investigated a hybrid organic/inorganic artificial SEI in order to stabilize the Li metal for the

deposition. This cell can be cycled very stable for over 300 cycles at current density 1 mA/cm?
3
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and over 110 cycles at current density 2 mA/cm?. Additionally the use of a super concentrated
electrolyte solution can also increase the dissolving rate of the intermediates and the diffusion
of ions, products and active species. For example, Liu et al. ! demonstrated a 3 M LiTFSI in
1, 2-dimethoxyethane (DME)-based electrolytes for Li-O> batteries. This high-concentrated
electrolyte enhanced the cycling stability in the potential range of 2.0-4.5 V vs. Li/Li" and the
capacity about 1000 mAh/g. Otherwise an electrolyte based on LiTFSI in DMSO with high
concentration (a molar ratio of 1:3) was investigated. [**/ Another specific Li salt (4 M LiNO3)
in DMSO for lithium-oxygen batteries was investigated, which shows an enhancement of the
cycling performance (>20 % higher coulombic efficiency than LiTFSI, LINTF and LiClOg).
(251 Cells with concentrations of more than 1 M LiTFSI have a high cycling stability and

coulombic efficiency.

1.2.2 Magnesium Batteries

The development of a cathode is a big challenge for Mg batteries. Gregory et al. started to
investigate the transition metal oxide, sulfides and borides for Mg cathode. ! They showed
that V2Os might be a suitable cathode with reasonable capacity. This kind of cathode has been
later explored. It was reported by J. L. Andrews, that the V205 as a cathode material can offer
low migration energies of the multivalent ions to support reversible cycling. ! To understand
how the metal oxides work for the Mg battery, theoretical calculations have been used to
describe the atomic configurations and structures for the diffusion of Mg in host materials. It
has been shown that the Mg?*-ion coordinated by DME solvent [Mg(DME)x]*" can lead to faster
insertion and de-insertion in a host material. [2%2°) An alternative to cathode insertion materials
is found to be an Mg-S system, which can offer high capacities and has a theoretic energy
density of 3200 Wh L™, molar volume MgS: 19.9 and 24% expansion of the cathode. 3%

For the anodes, using a sheet of pure Mg metal is the simplest and cheapest approach. However
the power density of a Mg anode is limited because of the kinetic barriers for Mg transfer on
the Mg surface. Dispersed Mg particles in carbon as an anode have already been studied for
Mg-S battery, it has a larger surface for the electrochemical reaction which reduces the
overpotential. But this system has some disadvantage: due to the additional carbon it has a
limited capacity and the dispersed magnesium can strongly react with oxygen which lead to a
passivation layer. 3% 33 Further studies for the anode were done with magnesium alloys.
Alloying elements have no negative effect on the electrochemical properties of Mg compared
to the pure metal. Recently, antimony (Sb), tin (Sn) and bismuth (Bi) have been suggested as

insertion materials, because magnesium can form intermetallic compounds with these materials.

4
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The alloys have a high initial capacity of 298 mAh/g at 1 C rate for electrochemical magnesium
deposition at Bi-Sb alloy. ** 3 But it reduces to 215 mAh/g after 100 cycles.

The development of non-aqueous electrolytes for secondary magnesium batteries is a challenge,
because the anions might be not stable with the magnesium anode or a passivation layer on the
anode is formed. Furthermore the magnesium ion is doubly charged and therefore hard to pass
the interphase layers on Mg surfaces. *%) The non-aqueous electrolytes, which are capable for
the magnesium plating and stripping, can be classified into two categories. One is halide-ion
containing electrolytes, which has several advantages. The halide-ion can react with the
passivation layer, such as MgO, to allow the magnesium deposition on the surface. Otherwise
using halide-ion containing electrolytes can enhance the electrochemical performance with high
coulombic efficiency and low overpotential for magnesium deposition and dissolution. Finally
these electrolytes have lower cost.

Some examples of the electrolytes will be shown below. There are many researchers were
interested in non-aqueous electrolytes in the last 30 years. In the work by Gregory et al. (2], the
synthesis of Mg electrolytes from an organomagnesium compound with aluminum chloride as
a Lewis acid was published. This kind of electrolyte is enabling reversible stripping and plating
of magnesium. 10 years later Aurbach et al. developed a second generation of electrolytes, the
first rechargeable Mg battery with thousand stable cycles, which was formed from the reaction
between BuzMg and EtAICI, in THF. P71 The active species in these electrolytes is a binuclear
Mg complex with two Mg atoms which are bridged by three CI atoms. Neson et al. reported a
PhMgCl/AICI; electrolyte which is developed from the Grignard reagents electrolytes. It shows
reduced corrosion properties and an anodic stability of 5 V vs. Mg/Mg?". 13339 A carbonyl
magnesium chloride in THF electrolyte showing high coulombic efficiency (98%) and high
oxidative stability (3.2 V vs. Mg/Mg*" on Pt) was reported by Carter et al. [*°! In some reports,
a new HMDS-based system with addition of AICI3 or MgCl> were introduced. It increased the
anodic stability (3.3 V vs. Mg/Mg**) and higher coulombic efficiency (98 - 99%) compared to
the HMDS-electrolytes without addition of AICI; or MgCl. 3% 31411 Oxygen-based anions were
also introduced as magnesium electrolytes by Liao et al. *?], such as n-butanol, tert-butanol and
trimethylsilanol with addition of AICl3.Those electrolytes showed a large anodic stability (2.5
- 2.8 V vs. Mg/Mg?"), but their efficiency was low and the deposition contained 2.6 atom% Al.
More recently, MgCl, and AICI3 in THF solution was studied in 2005 and as it is currently
known, the magnesium-aluminum chloride complex (MACC) in glymes exhibits high
reversibility of deposition and dissolution , high anodic stability (-3.2 V vs. Mg/Mg**) and is

compatible with some cathode.
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Another class of electrolytes and salts has been investigated over the past few years that are Cl-
ion free reagents. Magnesium borohydride (Mg(BHa4)z2) as the first inorganic salt was
demonstrated to be suited, because the BH4 ion is a relatively strong reducing species which
could probably withstand the reducing atmosphere of the Mg anode. [**] He demonstrated
reversible deposition and dissolution from electorates of Mg(BHa4)> in THF. High efficient
magnesium plating and stripping (94%), high current densities (25 mA/cm? stripping peak
current) and low overpotential (-0.3 V for deposition and 0 V for dissolution) were observed.
[43] However this electrolyte system had a very low current density and narrow stability window
and the synthesis of such compounds is expensive and consumes long time. Based on Mg(BHa4):
a new kind of Mg salt Mg[B(OR)4]> was developed by Zhao-Karger et al. It can be easily
dissolved in several organic solvents and its ionic conductivity is in the range of 10 mScm™,
which is comparable with Li-ion batteries. The stability window is 4.3 V vs. Mg and is stable
in the airr One of the most common magnesium salt is magnesium
bis(trifluoromethanesulfonyl)imide (Mg(TFSI)>). It was studied in DME solution for Mg-
deposition/dissolution and showed a very large overpotential (-2.0 V) and very low current
densities (0.01 mA/cm?). However the coulombic efficiency can be improved by the addition
of MgCl,. % %1 The poor performance of Mg(TFSI), electrolytes was attributed to the
instability of the TFSI-ion, instability of glymes itself and impurities in the electrolytes, such
as water. 448 Based on the weakly coordinating anion a new simple salt [CB1iHi2]” was
reported. Due to the high solubility of Mg(CB11Hi2)2, 1 M solution in tetraglyme was
investigated and the electrolyte had a high efficiency (98%) and low overpotential. *! In
acetonitrile solvent the oxidative stability of Mg(CB11Hi2)2 was found to be very high (4.9 V
vs. Mg/Mg?"). 130

1.2.3 Calcium Batteries

In 1964 the first calcium application for the anode in primary battery was reported, which
contained high temperature melting electrolytes. !l This cell could be discharged at 450 °C for
11 min. Later the use of a Ca-Si alloy and Ca-Y alloy as negative electrode in high temperature
solid state rechargeable batteries were investigated. [**! The first investigation of Ca metal in
organic electrolytes was made by Aurbach et al. 53! In their studies the electrolytes made out of
solvents including acetonitrile, tetrahydrofuran, butyrolactone, and propylene carbonate with
the salts Ca(ClO4); and Ca(BF4), were examined. The results have shown that due to the
passivation layer formed on the Ca metal, there was no successful calcium deposition in these

solvent systems.
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Only a few experiments for development of the cathode for calcium batteries was studied. In
2013 a new type of Ca-S as the cathode in batteries was studied. It showed that the discharge
capacity is 600 mAh/g with a discharge rate of C/3.5. (1 C rate means that a fully charged battery
rated at 1Ah should provide 1A for one hour.) However, the reversibility is quite low. 4
Recently another concept for the rechargeable calcium batteries, for example with air, were
suggested. [°° Using a DMSO-based electrolyte at room temperature the formation of a Ca
superoxide was suggested. The oxygen reduction reaction and oxygen evolution reaction in
Ca®" containing showed high reversibility of 95 %, which could be combined with the
deposition of calcium for the use of the calcium air batteries. A compatible anode is also
important for the rechargeable calcium batteries. The reversible plating and striping by using
Ca metal as the anode was first reported by Peled et al. The electrochemical behavior of Ca-
SOCI; electrolytes was tested and it had a specific energy density of 300 Wh/kg. However, an
irreversible calcium plating and stripping (with the coulombic efficiency of 5 %) due to the
formation of a passivation layer (CaClz) was observed. Otherwise, alloys are considered to be
an alternative anode for calcium batteries.

The development of the electrolytes for calcium batteries is challenged by the possible
formation of a passivation layer, which does not allow the penetration by Ca** ion. Usually, the
passivation layer on top of the Ca metal mainly composed of CaCO3 and Ca(OH). ¢ In the
case of cathode compatibility, most of the electrolytes have only very limited electrochemical
stability windows. Furthermore, the limited solubility of the calcium salts in the organic
solvents restricts the choice of the organic electrolyte.

In 2015 the reversible calcium metal deposition and dissolution at high temperature was
demonstrated by Ponrouch et al. Different concentrations (0.3 M to 0.8 M) of Ca(TFSI)a,
Ca(ClO4)2, and Ca(BF4)2 in PC:EC electrolytes were investigated and only the Ca(BF4); in
PC:EC shown the reversible calcium platting and stripping with coulombic efficiency of 55 %
at 100 °C and exhibit a high stability window of about 4.0 V. In their studies it was been also
suggested that CaF is deposited on the surface at the beginning of the reduction, which could
work as an SEl-layer for calcium metal deposition. In 2017 Wang et al. reported that calcium
can be reversibly (95 %) plated and stripped at room temperature out of 1.5 M Ca(BH4), in THF.
[57) It was also found in their studies that CaH» was formed during the deposition, which is ion
conductive and could protect the surface of calcium metal. Unfortunately, the CaH> layer was
found to grow upon cycling and is highly reactive. Recently, a chemical-electrochemical
deposition mechanism for Ca plating on Pt and Au was suggested. °¥! Starting with the

hydrogen adsorption, the kinetics of Ca deposition is faster with Pt than with Au. More recently
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the electrolyte of Ca[B(hfip)s]> in DME for calcium plating and stripping was demonstrated by
groups of Nazar [°° and Fichtner [®”), It was shown that the calcium platting and stripping out
of Ca[B(hfip)4]2 in DME is reversible (80 % to 90%) at room temperature. A high oxidative
stability up to 4.5 V and high ionic conductivity more than 8 mS/cm was observed. However,

the CaF» was found to be the decomposition product.



Chapter 1: Introduction

References

(1]
(2]

(3]

(4]

(3]

(6]
[7]

(8]
(9]
[10]
[11]
[12]
[13]

[14]
[15]

[16]

[17]
(18]
[19]
[20]

(21]
[22]

(23]
[24]

[25]
[26]
(27]

V. Neburchilov, H. J. Wang, J. J. Martin, W. Qu, Journal of Power Sources 2010, 195, 1271.

Y. Zhang, X. Zhang, J. Wang, W. C. McKee, Y. Xu, Z. Peng, The Journal of Physical Chemistry C
2016, 120, 3690.

G. Girishkumar, B. McCloskey, A. C. Luntz, S. Swanson, W. Wilcke, Journal of Physical Chemistry
Letters 2010, 1, 2193.

G. Zubi, R. Dufo—LA3pez, M. Carvalho, G. Pasaoglu, Renewable and Sustainable Energy Reviews 2018,
89, 292.

K. Li, S. R. Galle Kankanamge, T. K. Weldeghiorghis, R. Jorn, D. G. Kuroda, R. Kumar, The Journal of
Physical Chemistry C 2018, 122, 4747.

S. Choi, G. Wang, Advanced Materials Technologies 2018, 3, 1700376.

A. Ponrouch, J. Bitenc, R. Dominko, N. Lindahl, P. Johansson, M. R. Palacin, Energy Storage Materials
2019, 20, 253.

J. Muldoon, C. B. Bucur, T. Gregory, Chemical Reviews 2014, 114, 11683.

Z.Ma, D. R. MacFarlane, M. Kar, Batteries & Supercaps 2019, 2, 115.

J. Luo, Y. Bi, L. Zhang, X. Zhang, T. L. Liu, Angewandte Chemie International Edition, 58, 6967.

H. Dong, Y. Liang, O. Tutusaus, R. Mohtadi, Y. Zhang, F. Hao, Y. Yao, Joule 2019, 3, 782.

L. Zan, D. Xing, A. Abd-El-Latif, H. Baltruschat, Beilstein Journal of Nanotechnology 2019, 10, 2541.
P. Canepa, G. Sai Gautam, D. C. Hannah, R. Malik, M. Liu, K. G. Gallagher, K. A. Persson, G. Ceder,
Chemical reviews 2017, 117, 4287.

M. E. Arroyo-de Dompablo, A. Ponrouch, P. Johansson, M. R. PalacAn, Chemical Reviews 2019.

B. D. McCloskey, R. Scheffler, A. Speidel, G. Girishkumar, A. C. Luntz, Journal of Physical Chemistry
C2012, /16, 23897.

C. O. Laoire, S. Mukerjee, E. J. Plichta, M. A. Hendrickson, K. M. Abraham, Journal of the
Electrochemical Society 2011, 158, A302.

M. D. Tikekar, S. Choudhury, Z. Tu, L. A. Archer, Nature Energy 2016, 1, 1.

A. C. Kozen, A. J. Pearse, C.-F. Lin, M. Noked, G. W. Rubloff, Chemistry of Materials 2015, 27, 5324.
F. Y. Fan, W. C. Carter, Y. M. Chiang, Advanced Materials 2015, 27, 5203.

L. Porz, T. Swamy, B. W. Sheldon, D. Rettenwander, T. FrAqmling, H. L. Thaman, S. Berendts, R.
Uecker, W. C. Carter, Y. M. Chiang, Advanced Energy Materials 2017, 7, 1701003.

A. Eftekhari, Advanced Energy Materials 2018, 8, 1801156.

A. C. Kozen, C.-F. Lin, O. Zhao, S. B. Lee, G. W. Rubloff, M. Noked, Chemistry of Materials 2017, 29,
6298.

Y. Liu, D. Lin, Z. Liang, J. Zhao, K. Yan, Y. Cui, Nature communications 2016, 7, 10992.

B. Liu, W. Xu, P. Yan, S. T. Kim, M. H. Engelhard, X. Sun, D. Mei, J. Cho, C.-M. Wang, J.-G. C.
Zhang, Advanced Energy Materials 2017, 7, 1602605.

N. Togasaki, T. Momma, T. Osaka, Journal of Power Sources 2016, 307, 98.

T. D. Gregory, R. J. Hoffman, R. C. Winterton, Journal of the Electrochemical Society 1990, 137, 775.
J. L. Andrews, A. Mukherjee, H. D. Yoo, A. Parija, P. M. Marley, S. Fakra, D. Prendergast, J. Cabana,
R. F. Klie, S. Banerjee, Chem 2018, 4, 564.



Chapter 1: Introduction

(28]

[29]

[30]

[31]
[32]

[33]
[34]

[35]
[36]

[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

M. Liu, Z. Rong, R. Malik, P. Canepa, A. Jain, G. Ceder, K. A. Persson, Energy & Environmental
Science 2015, 8, 964.

Z.Li, X. Mu, Z. Zhao-Karger, T. Diemant, R. J. r. Behm, C. KAVibel, M. Fichtner, Nature
communications 2018, 9, 1.

H. S. Kim, T. S. Arthur, G. D. Allred, J. Zajicek, J. G. Newman, A. E. Rodnyansky, A. G. Oliver, W. C.
Boggess, J. Muldoon, Nature Communications 2011, 2.

Z. Zhao-Karger, X. Zhao, O. Fuhr, M. Fichtner, Rsc Advances 2013, 3, 16330.

Z. Zhao-Karger, X. Zhao, D. Wang, T. Diemant, R. J. r. Behm, M. Fichtner, Advanced Energy Materials
2014, 5, 1401155.

B. Sievert, J. Haecker, F. Bienen, N. Wagner, K. A. Friedrich, ECS Transactions 2017, 77, 413.

Y. Cheng, Y. Shao, L. R. Parent, M. L. Sushko, G. Li, P. V. Sushko, N. D. Browning, C. Wang, J. Liu,
Advanced Materials 2015, 27, 6598.

T. S. Arthur, N. Singh, M. Matsui, Electrochemistry Communications 2012, 16, 103.

S.-B. Son, T. Gao, S. P. Harvey, K. X. Steirer, A. Stokes, A. Norman, C. Wang, A. Cresce, K. Xu, C.
Ban, Nature Chemistry 2018, 10, 532.

D. Aurbach, Z. Lu, A. Schechter, Y. Gofer, H. Gizbar, R. Turgeman, Y. Cohen, M. Moshkovich, E. Levi,
Nature 2000, 407, 724.

E. G. Nelson, S. I. Brody, J. W. Kampf, B. M. Bartlett, Journal of Materials Chemistry A 2014, 2,
18194.

A. J. Crowe, J. L. DiMeglio, K. K. Stringham, B. M. Bartlett, The Journal of Physical Chemistry C
2017.

T. J. Carter, R. Mohtadi, T. S. Arthur, F. Mizuno, R. Zhang, S. Shirai, J. W. Kampf, Angewandte
Chemie-International Edition 2014, 53,3173.

L. C. Merrill, J. L. Schaefer, Langmuir 2017, 33, 9426.

C. Liao, B. Guo, D.-e. Jiang, R. Custelcean, S. M. Mahurin, X.-G. Sun, S. Dai, Journal of Materials
Chemistry A 2014, 2, 581.

R. Mohtadi, M. Matsui, T. S. Arthur, S.-J. Hwang, Angewandte Chemie-International Edition 2012, 51,
9780.

1. Shterenberg, M. Salama, H. D. Yoo, Y. Gofer, J.-B. Park, Y.-K. Sun, D. Aurbach, Journal of the
Electrochemical Society 2015, 162, A7118.

M. Salama, 1. Shterenberg, L. Jw Shimon, K. Keinan-Adamsky, M. Afri, Y. Gofer, D. Aurbach, The
Journal of Physical Chemistry C 2017, 121, 24909.

J. G. Connell, B. Genorio, P. P. Lopes, D. Strmenik, V. R. Stamenkovic, N. M. Markovic, Chemistry of
Materials 2016.

N. N. Rajput, X. Qu, N. Sa, A. K. Burrell, K. A. Persson, Journal of the American Chemical Society
2015, 137, 3411.

Y. Yu, A. Baskin, C. Valero-Vidal, N. T. Hahn, Q. Liu, K. R. Zavadil, B. W. Eichhorn, D. Prendergast,
E. J. Crumlin, Chemistry of Materials 2017, 29, 8504.

O. Tutusaus, R. Mohtadi, T. S. Arthur, F. Mizuno, E. G. Nelson, Y. V. Sevryugina, Angewandte Chemie
2015, 127, 8011.

O. Tutusaus, R. Mohtadi, N. Singh, T. S. Arthur, F. Mizuno, ACS Energy Letters 2017, 2, 224.

10



Chapter 1: Introduction

[55]
[56]
[57]
[58]

[59]
[60]

S. M. Selis, J. P. Wondowski, R. F. Justus, Journal of the Electrochemical Society 1964, 111, 6.

J. Schoonman, A. Wolfert, Journal of the Electrochemical Society 1981, 128, 1522.

D. Aurbach, R. Skaletsky, Y. Gofer, Journal of the Electrochemical Society 1991, 138, 3536.

K. A. See, J. A. Gerbec, Y. S. Jun, F. Wudl, G. D. Stucky, R. Seshadri, Advanced Energy Materials
2013, 3, 1056.

P. Reinsberg, C. J. Bondue, H. Baltruschat, Journal of Physical Chemistry C 2016, 120, 22179.

J. S. Young, M. Smeu, Journal of Physical Chemistry Letters 2018, 9, 3295.

D. Wang, X. Gao, Y. Chen, L. Jin, C. Kuss, P. G. Bruce, Nature Materials 2017, 17, 16.

K. Ta, R. Zhang, M. Shin, R. T. Rooney, E. K. Neumann, A. A. Gewirth, ACS applied materials &
interfaces 2019, 11, 21536.

A. Shyamsunder, L. E. Blanc, A. Assoud, L. F. Nazar, ACS Energy Letters 2019, 4,2271.

Z. Li, O. Fuhr, M. Fichtner, Z. Zhao-Karger, Energy & Environmental Science 2019.

11






Chapter 2: Fundamentals and Experimental Methods

Chapter 2: Fundamentals and Experimental Methods

2.1 Fundamentals
2.1.1 Electron Transfer

Electrochemical kinetics describes the evolution of mass and electron flow throughout the
interface between the electrode and electrolyte. The goal is to understand the observed behavior
of electrode kinetics concerning potential and concentration. An electrode reaction such as:

0O+ne” ©R (2.1)
can be described by the Nernst equation, which shows the relationship between the electrode
potential and the bulk concentrations of the participants. This equation is:

RT cs
_ln_O

E=E°+ -
nF  Cg

2.2)

Where C§ and Cj are the bulk concentrations, and E° is the formal potential. The kinetics of
reactions on the electrode is strongly affected by the applied potential.
In general, the concentration changes of the reactant close to the surface affect the potential.
Thus, the overpotential at an electrode may include a term for this concentration difference
which is termed concentration overpotential. Current or current density describes the overall
rate of an electrode reaction. The electrode potential and overpotential affect the current density.
If the pure electron (charge) transfer is considered as the rate-limiting process, the Butler-
Volmer equation (Equ. 2.3) for current density in terms of overpotential is valid. [-%

I =ipx + lgeqa = i (exp (aR—Tn) — exp (% n)) (2.3)
Where i, is the exchange current density; a is the transfer coefficient; z is the electron number;
R is the gas constant; T is the temperature; 7 is the overpotential and F is the faraday constant.
Figure 2.1 shows a typical current overpotential curve. The solid curve shows the total current.
The symmetry is affected by the transfer coefficient a. In most cases for a reaction with an
unknowns value « can be approximated with @ = 0.5. For a relative high overpotential of

z|n| = 60 mV the relationship can be described by the following equations:

2.3RT 2.3RT
7 logl, for (n <0) (2.4)

2.3RT

= ——————log|l
n A= anF ogll| +

logl, for (n =0) (2.5)
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Figure 2. 1: Current-overpotential curves for the system O + ne™ < R with @ = 0.5, T=298 K,
The dashed line show the current iox and the dotted line show the current ireg.

log (11i/15)

4]

-03 -02  -0.1 0.1 0.2 0.3
n/V

Figure 2. 2: Tafel-Plots of log (|1|/1,) versus overpotential.

The Equation 2.4 and 2.5 contains the information about the exchange current density I, and
transfer coefficient a. The Plot of log|I| against overpotential n (Figure 2.2) is often used
because the value 7 is usually the controlled variable. The exchange current density can be
obtained by the extrapolation of the slope n = 0. The relationship between the slope and the
overpotential is given by:

d(loglll)  anF

dn "~ 23RT (2.6)

and

d(loglll) 3 (1—a)nF

dn 2.3RT @7

Usually, for a one-electron transfer process, the value of the Tafel slope is 120 mV/dec.
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2.1.2 Mass Transfer

If the electron transfer is very fast, the reaction rate on the electrode will be controlled by the
mass transport rate. The mass transfer can be affected by diffusion, migration, and convection.
Diffusion is a process of central importance. The diffusion rate of chemical reactants is
dependent on the concentration gradient and also on the diffusion coefficient. Fick’s laws are
often used to describe flux and the concentration as functions of time and position for diffusion.

31 Fick’s first law is given by:

BDO (x,t)
ax

_]O(X, t) = DO

Where, ], is the diffusion flux; dDy/ dx is the concentration gradient and Dy is the diffusion

(2.8)

coefficient. Fick’s first law shows that the flux is proportional to the concentration gradient for
one-dimensional diffusion. Fick’s second law as following:
G (x,t) D 0%Cy(x,t)
at % ox?

It describes the change of concentration as a function of time. If the reactant is controlled by

(2.9)

pure diffusion at the electrode, the current is related to the flux at the electrode. The solution of
these equations requires a certain boundary conditions. In most cases of an alloying process in
this thesis because the thickness of the alloy layer (Sb, Sn, and Bi layers) is limited and therefore
the more usual boundary condition of semi-infinite diffusion is valid only for a short period of

time.

2.1.3 Electrochemical Metal Deposition and Alloying

During repeatedly charging and recharging battery systems, the corresponding metal ions are
consecutively deposited and redisolved into the electrolyte. The electrochemical deposition of
metals involves the reduction of ions from the solution, which can be described as the following
equation:

M™ +ne” »> M (2.10)
The model for a detailed description of the interface is now often used as depicted in Figure 2.3.
This reaction occurs at the interface between a solid-state and a solution. The charged metal
ions (so called ion transfer) pass through the interface between the electrode and the electrolyte.
The interface consists of a metal layer, a diffuse layer, and an inner layer. ¥ Electrochemical
deposition takes place in this very thin region, where there is a very high electric field (10°
V/em). 1. The electric double layer can be described by a plate condenser, where one plate is
the metal surface with its charge and the other is formed by the solvated ions. The

nonspecifically adsorbed ions form the outer Helmholtz plane (OHP), which is also called the
15
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diffuse layer, which extends from OHP to the bulk of the solution. The specifically adsorbed
ions and their centers form the inner Helmholtz plane (IHP). The potential profile drop in this

interface is also shown in Figure 2.3.

IHP

MS OHP
-1.@
§ :@@
zl-o @
El-T@®
2l-le,® o
%:%@@
s|-2. @
:&}m

Potential

Distance from metal surface

Figure 2. 3: Schematic presentation of the electrochemical interface with a negative charged
metal electrode.

In comparison with bulk deposition where the crystallographic structure is not deeply changed,
electrochemical alloying of the metal has a conversion process that new compounds will be
created. (Equation 2.11) The substrate structure will be then formed again during the de-
alloying process. (Equation 2.12)

M + xA™ + xne” - AM (2.11)

AM > M + xA™ + xne~ (2.12)
The formation of a new crystalline structure during the deposition or allying from a solution
starts with the transportation of metal ions to the interface and adsorption on the metal surface.
Then the crystal growth starts through the nucleation process. Afterwards, the formed nuclear

cluster grows to form a two-dimensional (2D) and three-dimensional phase formation (3D). (¢
8]

2.2 Experimental Methods

2.2.1 Cyclic Voltammetry
Cyclic voltammetry is a very important and useful electrochemical technique that helps us to
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investigate the redox mechanics and transport properties of a system in the electrolytes. In this
method, the electrode potential E is changed periodically between two limits with a constant

speed. The potential scan with a typical voltammogram is shown in Figure 2.4.

0.8 4

E/V vs. RHE
o o
= [}
1 1

o
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0.0
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0 50 100 150
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Figure 2. 4: A cyclic voltammetry potential wave form with switching potentials.
The observed faradaic current can provide information on the rate of reactions occurring at the
working electrode. In the case of the multistep process, the rate is determined by the slowest
step, charge transfer at the electrode surface or mass transfer. When the rate-determining
process is the charge transfer reaction for the metal deposition, the current density given by the
Butler-Volmer equation. The peak current is dependent on the scan rate, which is described by
the Randles-Sevcik equation: ),
For only diffusion controlled process:

I, = 2.99 x 10°nAC,D*5v°> (2.13)
For charge transfer and diffusion controlled process:

I, = 2.99 x 10°n,/an, AC,D*5v°5 (2.14)
Where I, is the peak current; n is the electron number; a is the transfer coefficient; A is the
electrode area; C; is the bulk concentration (or, in case of diffusion into a solution or alloy the
maximaum or saturation concentration); D is the diffusion coefficient and v is the sweep rate.
We can simply estimate the diffusion coefficient from assuming simple solid-state diffusion as
rate limiting for a reversible and irreversible system from the slope of a plot of peak current

versus the square root of the sweep rate. The transfer coefficient is usually assumed to be 0.5.

2.2.2 Three Electrode Cell

All experiments are carried out in a three-electrode cell. The schematic representation of a
typical three-electrode cell is shown in Fig. 2.5. In a traditional three-electrode cell, three

different electrodes (working, counter, and reference) are placed in the electrolyte solution. The
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working electrode is placed in the central part, the reference electrode is placed in the left part
and is connected to the working electrode compartment with a Luggin capillary, which is used
to reduce the ohm losses. The counter electrode is placed in the right part and separated from
the central part by a glass fit, in order to void the diffusion of the products formed of the counter
electrode to the working electrode. During three-electrode experiments, charge flow (current)
primarily occurs between the working electrode and the counter electrode while the potential

of the working electrode is measured with respect to the reference electrode.

I

..o Working electrode (WE)

----- Counter electrode (CE)

Reference electrode (RE).....| E:’_I_-E:

-
o

Suluti-l;'n (l-put.llt;.t stop cock
Figure 2. 5: Schematic representation of a three electrode cell for electrochemical experiments.
Taken from [0

A disk poly Au electrode with a diameter of 1 cm was used for electrochemical metal deposition
and alloying. A gold single crystal electrode with a diameter of 1 cm was used for EC-STM
measurement. A sputtered Au and Pt membrane was used for DEMS measurements.

The reversible hydrogen electrode (RHE) [l was used for Sb, Sn, and Bi deposition. For Li,
Mg, and Ca deposition and alloying, a lithium wire, a magnesium wire, and a calcium wire were
used as the reference electrode, respectively. For some experiments of metal deposition in the
glove box, an Ag wireina 0.1 M AgNOs; in MeCN solution was used for the reference electrode.
Also, an Ag wire was used as the reference electrode for EC-STM measurement.

A gold wire was employed as the counter electrode in the case of Au working electrode for
metal deposition in the glass cell and the EC-STM cell. For Li, Mg, and Ca deposition and
alloying, a lithium wire, a magnesium wire, and a calcium wire were used as the counter

electrode, respectively.

2.2.3 Potential Step Measurement

When an experiment involving an instantaneous change in potential from a value where no
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electrochemical reaction occurs to a value in the mass transfer controlled region is considered,
we record the current time transient to understand the kinetics of the electrolysis. A planar
electrode (in this thesis a gold disk electrode with a surface area of 0.785 cm?) and an unstirred
electrolyte are used. The absolute solution of the linear diffusion equation with the initial and

semi-infinite condition is known as the Cottrell-Equation: 121,

. nFAVDC
[=——2 (2.15)
Vit

In Figure 2.6 a schematic plot of current versus the time for potential step measurement is
shown. Three kinds of current transients (after the initial double layer charge) correspond to
three different electrochemical reaction conditions. When the reaction is diffusion-controlled,
the current drops after the applied potential according to the Cottrell Equation. (Curve a in Fig
2.6) When the reaction is kinetic-controlled, the initial current stays constant. (Curve b in Fig
2.6) For reactions controlled both by kinetic and diffusion, the current drop is shown as curve

c in Fig 2.5 and is given by:

. _ ZiCT .
i =icr == Vt (2.16)

Where i;r is the charge transfer current density. For case a), the effect of depleting the
electroactive species near the surface leads to an inverse t*° function. Normally a plot of i vs.
t%3 is needed to estimate the diffusion coefficient.

I

¥

b

!

Figure 2. 6: Schematic of the Current-time dependent transients for a potential step experiment.
a) diffusion-controlled reaction; b) kinetic-controlled reaction and c) both kinetic and diffusion
controlled reaction.

The concentration profiles in Fig. 2.7 visualize the diffusion limitation for an electrochemical
reaction. After the potential is applied, a diffusion layer is formed, and the concentration
gradient of the active species appears because of the difference from bulk concentration. Then
the concentration is the time-dependent falloff in the concentration at the electrode surface,

which leads to the Cottrell Equation. The different behaviours are due to the different time.
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0 Distance X 8

Figure 2. 7: Concentration profiles after applying potential. The diffusion layer is limited with
the red dashed line.

2.2.4 Potentiostatic Intermittent Titration Technique (PITT)

The Potentiostatic Intermittent Titration Technique (PITT) is one of the most often used
techniques to study the diffusion of the active electrode materials. The diffusion coefficient can
be calculated from the resulting signal. In a typical PITT measurement, the open circuit
potential (OCP) of the cell is recorded at the beginning. Afterwards, a negative potential at
which the electrode reaction starts is applied, and the current signal is recorded for a certain
period, followed by relaxation. The time for applied potential and the relaxation is usually the
same. Then, a negative potential increment of 0.05 V (depending on the system) is applied to
the onset potential, followed by relaxation. The same potential increment is consecutively
applied, starting from the voltage resulting from the previous step and the current is recorded.
The potential pulse is applied until the potential limit for the electrode reaction is reached. Each
potential pulse is followed by the same relaxation time. Afterwards, a positive potential
increment is consecutively applied to the voltage of the previous step. This is repeated until the
positive potential limit is reached. An example of the recorded potential and current signals of
PITT measurement for magnesium alloying with Sb is shown in Figure 2.8.

During both negative and positive pulse, the electrode forth and back reaction result in
corresponding currents. The current signal shows the information about the diffusion coefficient
of the electrode material. Depending on the reaction type the diffusion coefficient can be
estimated by using the respective Equation. (Eq. 2.14 for only diffusion controlled and eq. 2.15
for charge transfer and diffusion controlled reaction) A important advantage of the PITT

measurement is that the concentration of the alloyed metal ions (Li, Mg, and Ca) in the host
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solid (Sb, Sn, and Bi layers) reaches often equilibrium during the relaxation period. Thus, not
only the diffusion coefficient can be estimated in each step of alloying, but the equilibrium

potential is determined for the concentrations reached in each step.
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Figure 2. 8: Potential and current time curve recorded in a PITT measurement of Mg-alloying
and de-alloying with Sb. Potential from 0.4 V to -0.1 V vs. Mg for the alloying and from 1.0 V
to 1.5 V vs. Mg for the de-alloying. (Sb: ~105 nmol/cm?; surface area: 0.785 cm?)

2.2.5 Differential Electrochemical Mass Spectrometry (DEMS)

Differential Electrochemical Mass Spectrometry (DEMS) is an analytical technique that
combines electrochemical cell experimentation with mass spectrometry. It allows in situ mass
resolved determination of gaseous or volatile electrochemical reactants, reaction intermediates,
and products in real time. The experimental setup consists of an electrochemical half-cell, the
membrane interface, and a vacuum system including a quadrupole mass spectrometer.

A typical “classic” DEMS cell used in this work is shown in Fig 2.9. It consists of a cell holder
made of stainless steel, which is connected to the DEMS with a KF 40 connection. A short PVC
adapter is placed between the cell and DEMS to avoid the electrical connection. A Teflon
membrane with an outer diameter of 25 mm is used for additional sealing. The sputtered gold
coated porous Teflon membrane with 50 nm Au and d = 18 mm is placed in the central part. A
good wire with a diameter of 0.05 mm is placed in a circle on the outside of the gold sputtered
membrane in order to connect the working electrode with the potentiostat by touching the
stainless steel cell holder. A Teflon ring with d =40 mm, which has a hole in the centre, is placed
on it. The glass cell is placed on top with a steel ring and mechanically supported by a steel frit.
The reference electrode is immersed in the electrolyte via the spider. The counter electrode is

separated from the working and reference electrodes by a frit.
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Figure 2. 9: Schematic representation of a classic DMES-cell.

The interface between the electrolytes and the vacuum is realized by a PTFE membrane. A
schematic drawing of the interface between the electrolytes and the vacuum is shown in Fig.
2.10. The liquid is not allowed to pass through the membrane due to its hydrophobicity.
However, the dissolved gaseous and other volatile species can pass through the pores in the
membrane. The critical pore size is limited by the surface tension of the liquid and the contact

angle between the liquid and Teflon.

a) electrolyte

b) electrocatalyst
= 0,1 pm

¢) teflonmembrane »
=~ 100 pm

d) Pore = 0,02 pm ¢) vacuum

Figure 2. 10: Schematic representation of the interface between the electrolytes and the vacuum.
a) Electrolytes; b) catalyst sputter deposited; c) Teflon; d) the pores in the membrane and e) the
vacuum. Taken from 31,

A schematic representation of the experimental setup is shown in Figure 2.11. The
electrochemical cell is connected to the first vacuum chamber. Due to the special construction

of the vacuum system with two turbo pumps the partial pressure of the product and thus the ion
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current of the MS is proportional to the product formation rate. Ions are created through
electron bombardment ionization in the ion source. Only ions with a selected mass-to-charge

ratio will reach the detector.

=€

3P

Figure 2. 11: Schematic representation of the vacuum system (1) rotary pumps, (2) turbo-
molecular pumps, (3) connection to the electrochemical cell, (4) connection to the calibration
leak, (5) ion source, (6) quadrupole rods, (7) secondary electron multiplier, (8) direct inlet, (9)
linear drive. Taken from [,

2.2.6 Electrochemical Quartz Crystal Microbalance (eQCM)

The Quartz Crystal Microbalance is a standard technique to detect small changes in mass by
help of the piezoelectric effect. The mechanical deformation of certain crystals occurs by
electrical charges on the surface of the solid phase if the crystal unit cell does not have a
symmetry center. When a potential with a suitable frequency is applied, the crystal consequently
oscillates. Because the frequency of this oscillator decreases with increasing mass, the changes
of the frequency on the quartz crystal reflects the change of mass. The relationship between the
frequency change of the quartz crystal Af and the mass change Am is given by Sauerbrey-
Equation: !4

2f¢  Am
Af = — =T = ¢am (2.17)

JPqakq A

Where f; is frequency of the quartz; p, is the density of the quartz; u, is the shear module of

the quartz and A is the electrode surface area. All the constants can be written into Cr which is
called calibration constant. It is assumed that the deposited layers have a uniform thickness over
the active area of the quartz crystal because the calibration constant for the quartz is not uniform.
It has been shown that the calibration constant is highest in the center of the electrode. It
decreases monotonically to the edge of the electrode and can almost be neglected at and outside

the electrode boundary. Because the frequency changes of the quartz crystal can be detected, a
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very small change in mass can be measured by QCM. The eQCM was first used to investigate
the electrochemical deposition of metals on electrode surfaces. Shay and Bruckenstein reported
about the galvanic deposition of about 10 layers of silver on the working electrode of a 10 MHz
quartz crystal. [l The in situ eQCM measurements for electrochemical metal deposition
provides an easy way to study fundamental processes such as underpotential- and bulk
deposition.

The schematic representation of the experimental setup for the eQCM is shown in Figure 2.12.
By using a three-electrode cell, the shift of frequency, the changes of current and potential can
be observed. The mass changes can be determined with the Sauerbrey equation. An AT quartz

is usually used in the eQCM experiments.
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Figure 2. 12: Schematic representation of experiment setup for an eQCM mesurament.
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Figure 2. 13: Calibration of the quartz crystal in 5 mM CuSO4 in 1M H2SO4 with a sweep rate

of 10 mV/s. black line: frequency change; red line: current transient.
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The calibration of the quartz crystal was determined in a saturated 5 mM CuSO4 in 1 M H,SOq4
solution. The counter electrode is a gold wire and the reference electrode is RHE. Figure 2.13
shows the frequency change and the current transient during the calibration. In the cathodic
sweep, the Cu is deposited on the surface of the quartz crystal and is dissolved in the electrolytes

in the anodic sweep. The calibration constant can be calculated by the following equation:

B Slopeggsjar *F-n
4 MCu

(2.18)

2.2.7 Scanning Tunneling Microscope (STM)

Scanning tunneling microscope (STM) is a classic instrument to investigate the surface
morphology at the atomic level. [!®! The first STM was created by Gerd Binnig and Heinrich
Rohrer in 1981 at IBM in Ziirich. '1 With STM, a sharp metal tip is placed close to the surface
and a small bias voltage is applied between the tip and the sample. This causes a current and
the electron can flow through the vacuum gap between the tip and the sample. This process is
a quantum mechanical phenomenon and is called the tunnel effect. In Figure 2.14 the

mechanism of the tunneling process schematically is shown.

Energy \

\ Work function @

ias voltage

surface Vacuum tip

Figure 2. 14: Schematic diagram of the tunneling effect based on quantum mechanics.

The electrons tunnel under the applied voltage (V) through the vacuum gap between the STM
tip and the sample surface, which result in measurable tunneling current It. This is described

by:

—2k[d) Y 2mo

=1, e =

Where Iy is the function of the bias voltage and density of states in both tip and sample, m is

(2.19)

the mass of the electron, d is the distance between the tip and sample, @ is the work function
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and h is the Planck’s constant. [!8 An STM setup is divided to four parts, a metal tip, a scanner,
tunneling current amplifier, and a feedback loop. A schematic overview of the STM setup is

shown in Figure 2.15.

Feedback control Analysis
r System
Piezoelectric TUHIlelLllg
scanner current amplifier
'I {
|| STM tip
W |
[ 1 Sample

Figure 2. 15: Schematic representation of STM setup.

The STM image is realized by scanning the tip over the sample surface. There are two different
operation modes. In the constant current mode, the tip move over the surface and the tip position
is continuously changed to keep the tunneling current constant. On the very smooth surface
under ideal conditions, the constant tunneling current refers to the constant distance between
the sample surface and the tip. The tip moves automatically up and down to adjust the tunneling
current with a constant value by the feedback voltage. This mode is usually used to test a
relatively rough surface.

In the constant height mode, the feedback is very slow and the tip height position is kept
constant. So, the changes of tunneling current are recorded for the STM image. The scan of the
tip can be performed, when the feedback system is switched off or the scan rate is higher than
the feedback response rate. The STM works therefore with a high sampling rate and a fast image
recording so that the changes on the surface can be observed in real time. The constant height
mode is usually used to probe a relatively smooth surface.

An ideal STM tip should be in atomic size, have good electrical conductivity, and be
mechanically stable. Also, the tip should allow the tunneling current through the atoms at the
tip. To avoid the reaction between the tip and the electrolyte, the tip must be well isolated except
for a small area at the top of the tip. The STM tips were prepared by electrochemical etching
(191 of Pt/Ir (90:10) wire with a diameter of 0.25 mm in 2 M KOH + 4 M KSCN solution. With
this method the tips are produced routinely with similar sharpness and the time of the production
is reduced. Then, they are coated with hot melt glue containing different types of polymer to
minimize the Faradic current.

The preparation of the tips is carried out in a small beaker with a ring anode made by Pt wire.
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A DC signal of 1.6 V with an AC square wave signal of 6.5 V at 1 kHz is applied while the tip
is being manufactured. The lower part of the wire is covered with a Teflon tube and then placed
in the solution. As soon as the exposed part of the wire comes into contact with the solution,
the process begins immediately. The wire is then pulled back a little to create a hanging
meniscus configuration. (see Fig. 2.16) The etching of the tip continues around the meniscus
until there is an atomic sharp on the top of the tip. After a certain time, the lower half part of
the wire is dropped into the beaker together with the Teflon tube and then thrown away. The top
is rinsed thoroughly with Mili-Q water and then is inserted into the hot melt glue stick for short

time and then retracted quickly.

Pt/Ir —®
Pt'/lr to power supply
wire Ptring —p»
teflon
tube

meniscus

el

Figure 2. 16: Schematic representation of preparation of the STM tips. Taken from 2%,

The Electrochemical Scanning Tunneling Microscopy (EC-STM) is an advanced method based
on the principles of STM measurements for studying the interface between the electrode and
the electrolyte. The fundamental theory for STM and EC-STM is generally the same. But two
additional parts are used in order to introduce the STM as an EC-STM. First, a three-electrode
cell (STM cell see. Fig. 2.17) consisting of a working electrode, a reference electrode, and a
counter electrode is used. It was made of Kel-F material. The main chamber was made for
containing electrolyte solution. The contact of the working electrode and electrolyte was
through a hole with a diameter of 0.8/0.6 cm made at the bottom of the main chamber. An
additional small chamber was made for placing the reference electrode, which can be connected
to the main chamber via a small hole. The counter electrode was a wire placed around the inner
main chamber. This configuration is similar to a normal three-electrode system with a
potentiostat, in which the potential of the working electrode can be controlled by the high
impedance reference electrode while the current flow between the working and counter

electrodes.
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Figure 2. 17: Schematic view of STM cell.

2.2.8 Chemicals

All the chemicals and gases used in this work are summarized in table 2.1. In addition, the Li,
Mg, and Ca deposition (also their alloying) are carried out in the glove box. The glass devices
required for the measurements were placed in KOH solution in order to clean them from organic
impurities and anions. Then the glass device had to be washed with Mili-Q water and dried in

the oven for over two hours. All aqueous electrolytes were also made with Mili-Q water. All

nonaqueous solutions were prepared in an MBraun glove box filled with Ar.

Table 2. 1: List of chemicals and gases.

Name Formula Company Purity (degree)
Tetraglyme Ci10H2205 Acros organics 99%

Acetonitrile CH3;CN Acros organics 99.9%
Tetrahydrofuran C4Hs0 Sigma-Aldrich >99.9%

Acetone CsHgO Sigma-Aldrich 99.5%

Dimethyl sulfoxide C2HesOS Acros Organics | 99.7%

Propylen Carbonat C4HeO3 Sigma-Aldrich anhydrous 99,7 %
Ethylen Carbonate C3H40; Sigma-Aldrich 98 %,

Sulphuric acid H>SO4 Merck 95-97%, Supra pure
Perchlorat acid HCl1O4 VWR Chemicals | 37%

Potassium hydroxide KOH Sigma Aldrich 85%

Copper Sulfate CuSO4 Sigma-Aldrich >99%

Tinn(II) sulphate SnSO4 Acros Organics | 99%

Bismuth(III) oxide Bi203 Sigma-Aldrich > 98%, pure
Antimony(III) oxide Sb203 Aldrich 99.999%
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Silver nitrate AgNO3 Sigma-Aldrich 99%
Bis(trifluoromethane)sulfo | (CF3SO2)NLi | Sigma-Aldrich >99%

nimide lithium

Lithium aluminium hydride | LiAlH4 Sigma-Aldrich 95%
Magnesium borohydride Mg(BH4): Sigma-Aldrich 95%
Bis(trifluoromethane)sulfo | Mg(TFSI), Solvionic 99.5%

nimide magnesium

Magnsium Mg(OTf)> Merck 97%
trifluoromethanesulfonate

Magnesium chloride MgCl, Sigma 98%
Aluminium chloride AlCl; Fluka 99%
Magnesium perchlorate Mg(ClO4)2 Sigma-Aldrich >99%
Magnesium hydride MgH> Sigma-Aldrich Hydrogen storage grade
Calcium borohydride Ca(BHa4)2 Sigma-Aldrich 95%

Calcium borohydride | Ca(BH4)2-2TH | Merck 99%
bis(tetrhydrofuran) F

Bis(trifluoromethane)sulfo | Ca(TFSI), Merck 95%

nimide calcium

Calcium perchorate Ca(Cl0O4)2 Sigma-Aldrich 99%

Calcium tetrafluoroborate | Ca(BF4)2 Alfa-Aesar anhydrous 95%
Calcium Ca(OTf), Merck 99.9%
trifluoromethanesulfonate

Calcium chloride CaCl, Sigma-Aldrich anhydrous >93%
Argon Ar Air Liquide 99.999%
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Chapter 3: Investigation of Metal (Li, Mg, and Ca) Deposition and

Dissolution

3.1. Introduction

The rechargeable Metal-Air-Batteries require a reversible metal deposition during discharge
and dissolution during charge. In the case of Li deposition, an artificial solid electrolyte
interphase (SEI) is usually formed, which enhances the deposition and the coulombic efficiency.
(11 The electrodeposit ion of divalent cations (Mg and Ca) is difficult due to the high activity of
the metals. The anions are not stable and a passivation layer (Mg(OH), and MgO for Mg
deposition and CaCO3 and Ca(OH): for Ca deposition) is formed instead of SEI on the anode.
(2]

Recently, a study with 3 different concentrated electrolytes (1 M, 2 M and 3 M LiTFSI in DMSO)
for Li-O; battery was reported. *1 It shows the cells with a concentration of more than 1 M
LiTFSI have a high cycling stability and coulombic efficiency. However, there is no formation
of a stable SEI on the surface of the metallic lithium and the solvent molecule is not stable in
contact with lithium metal. During the deposition the Li-metal can react with DMSO, resulting
in electrolyte decomposition. ! It was reported that the SEI formed without LiF in 1.0 M
LiTFSI/DMSO solution, ! the absence of a thin layer of LiF might be the reason for the
decomposition of the electrolyte and for the low coulombic efficiency of the Li-deposition. The
LiF layer improves the electrochemical performance of a Li-deposition in a DMSO containing
electrolyte. In a Field Emission Scanning Electron Microscope (FE-SEM) experiment whisker-
like dendrites were observed during the lithium deposition from the 1 M LiTFSI/DMSO [},
which could results a low current density and low coulombic efficiency.

The electrodeposition of magnesium for rechargeable battery applications has been studied for
the past few years. Grignard reagents based on organomagnesium compounds were first studied
by Gregory et al. [ The magnesium-aluminium chloride complex (MACC) in glymes has been
tested and shows high reversibility of deposition and dissolution, high anodic stability (-3.2 V
vs. Mg/Mg*") and is compatible with some cathodes. [7! Later, new electrolyte solutions such
as, Mg(BH4), in THF or TG, 1 Mg(TFSI), in DME, °! were demonstrated for Mg deposition.
In addition, many theoretical and analytical studies have been reformed to understand the
mechanism of magnesium deposition and dissolution.

Wang et al. reported a electrolyte containing 1.5 M Ca(BH4)2 in THF for calcium deposition
and dissolution. ['% It shows a high reversibility (up to 95 %) at room temperature. However,

CaH; was formed during the deposition and the CaH; layer was found to grow upon cycling
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and is highly reactive. Furthermore, this electrolyte has a low electrochemical window (3.0 V
vs. Ca/Ca”") and very limited stability. In addition, most of the calcium salts are not soluble or
less soluble in organic solvents. Also, not all of the Ca salts are commercially available.

In this work, the Li, Mg, and Ca deposition and dissolution was investigated with various non-
aqueous electrolytes. The suitability for Li-O batteries of electrolytes with two different
concentrations (1 M and 3 M LiTFSI in DMSO) was studied with CV and DEMS, in order to
understand the mechanisms of the decompositions reaction. The non-aqueous electrolytes
(MACC in TG, Mg(BH4), in TG, and Mg(TFSI); in TG) were studied for the Mg
deposition/dissolution. Different Ca salt types, different concentrations in several organic
solvents were investigated for Ca deposition and dissolution. The target was to find out the
suitable electrolyte systems for reversible metal (Li, Mg, and Ca) plating and stripping at room
temperature. The fundamental physicochemical electrolyte properties such as ion conductivity,

cation solvation by solvent, and anions need to be understood.

3.2 Experimental
Chemical reagents

A polycrystalline Au electrode and Pt electrode was used as working electrodes for lithium
deposition measurements. LiTFSI (95%, Sigma-Aldrich) was dried under reduced pressure
before use. All the Mg salts is from Sigma-Aldrich. 1.5 M Ca(BH4)2-:2THF (99%, Sigma-
Aldrich) was first dissolved in THF and then filtered after stored overnight. Extra dry DMSO
(99.7%, Acros Organics) was stored over molecular sieve before use. The THF (under 5 ppm
H>0) was distilled by inorganic institute from university of Bonn and stored over molecular
sieves (3 A). Extreme dry solvents (TG and DMSO) were stored over molecular sieves (3 A).
All the metal electrochemical deposition measurements were carried out in the MBraun

glovebox (H20 < 0.5 ppm, O2 < 0.5 ppm).

Preparation of MACC

The Tetraglyme was distilled over sodium and stored over molecular sieves (3 A) until the water
content reaches to an amount less than 5 ppm. The water content has been determined by
Coulometric Karl Fischer titration (Mettler Toledo). MgCl, was heated overnight under vacuum
at 290°C and then stored under thionyl chloride for 1 week. At low pressure the thionyl chlorid
was removed completely. All materials were handled in an Argon filled glovebox. The MACC

electrolyte was prepared by adding tetraglyme (20.5ml) to MgCl, (0.966g). While stirring the
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AICl3 (1.368g) was then added stepwise. The whole mixture was stirred overnight after addition

of'an equivalent (H20O: 63 ppm) amount of MgH> to reduce the water content (to below 10 ppm).

Cyclic Voltammogram (CV)

Electrochemical measurements for metal deposition (Li, Mg, and Ca) were carried out in a
conventional three-electrode glass H-cell consisting of three compartments for fixing the
working electrode, reference electrode, and counter electrode. The working electrode is placed
in the central compartment and contacted with a solution in a hanging meniscus configuration.
The reference electrode is placed in the compartment where it is connected to the central
compartment with a Luggin capillary. The counter electrode is placed in the compartment,
separated from the central compartment by a glass frit. A polycrystalline Au electrode was used
as working electrodes for Mg and Ca deposition measurements. A good polished Li wire was
then used as a counter electrode and an Ag wire in a solution of 0.1 M AgNO3; in DMSO was
used as a quasi-reference electrode. Magnesium foil was then used as a counter electrode and
another one as a quasi-reference electrode. Calcium foil was then used as a counter electrode
and another one as a quasi-reference electrode.

All electrochemical measurements were carried out using a potentiostat purchased from Pine
Instruments, Inc. (model AFBPC1) in combination with home-made LabVIEW program
(National Instruments GmbH, Munich, Germany) for recording the cyclic voltammograms

(CVs)

DEMS Experiments

The electrolytes were investigated by mass spectrometry using the classical DEMS cell in the
glovebox in order to determine the decomposition products. The cell was already described
before in details in previous chapter 2. A porous spotterd Au and Pt membrane was used as a
working electrode. A Li wire was used as a counter electrode and a 1.0 M AgNOs solution in
acetonitrile as a quasi-reference electrode. The working electrode compartment was separated
from the counter electrode by a frit to avoid the diffusion of the products formed on the counter

electrode into the working electrode compartment.
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3.3 Results and Discussion

3.3.1 Lithium Deposition and Dissolution

Figure 3.1 shows the electrochemical deposition of lithium at Au sputtered Gore-Tex Teflon
membrane electrode using 1 M and 3 M LiTFSI/DMSO electrolyte. The peak current for the
Li deposition in 1 M solution drops fast with increment of the cycle number. Comparatively,
only small changes of the current in 3M solution were observed during cycling. The molar ratio
in 1 M is 11.80 with a Li-solvent coordination number of 4.4, whereas in 3 M the un-coordinated
DMSO solvent is 0, explaining that the 3 M electrolytes has a stronger electrochemical
performance. [*! In dilute solution the coordination number was reported as 4, "'l which results
in poor cycling behavior of lithium deposition. In 1 M solution more side reactions take place
between the un-coordinated DMSO and fresh Li-metal. Otherwise in Figure 3.1b two
significant shoulders at -2.8 V and -3.5 V vs. Ag/Ag" could be observed in 3 M solution.
Considering the phase diagram of Li-Au those shoulders shows that, the Li-Au alloy is formed
during the deposition of lithium. But in 1 M solution the formation of Li-Au is not clearly seen
because of too many side reactions. This Li-Au alloy, which was reported before as LizAu. 1?]
was deposited on the Au surface during the deposition.

A DEMS measurement for Li-deposition at Au sputtered Gore-Tex Teflon membrane electrode
from an 1 M and 3 M LiTFSI/DMSO electrolyte system is shown in Figure 3.2a and 3.2b. The
experiment was starting from 0.0 V vs. Ag/Ag for 1 M electrolyte and from -2.0 V vs. Ag'/Ag
for 3 M electrolyte with a sweep rate of 10 mV/s so that there is no Li-deposition taking place.
Then the cycles are performed in the range of -4.0 Vto 0.5V for 1 M and -4.0 V to -2.0 V for
3 M with constant sweep rate. In fig. 3.2 the cycle number 2 (H>), 18 (H20), 32 (O»), 44 (CO»),
45 (CH3-CH2-NH3), 58 (CH3-N-N-CH3), 62 (CH3-S-CH3) and 78 (DMSO) are shown. CH3-
CH»>-NH:2 and CH3-N-N-CHj3 could be formed by the reaction of the decomposition product
Li3N of the LITFSI with DMSO solvent molecule. CH3-S-CHj3 is a decomposition product from
DMSO molecule. A high signal for m/z =2 in the MSCVs in cathodic direction starting at -3.0
V for both 1 M and 3 M solution is observed. Hydrogen is detected during the LizAu alloy
formation and Li-deposition. The amount of the Hydrogen for 3 M solution is higher than 1 M
solution. This hydrogen evolution could be the result of a small amount of water (20 ppm) in
the electrolyte. The MSCVs for m/z = 18, 32, 44, 58, 62 and 78 all have the same shape. The
m/z = 45 increase slightly negative of -3.5 V in the cathode sweep for 1 M electrolyte, where
the Li-deposition occurs. It is not observed for the 3 M electrolyte. That indicates that the

decomposition of the DMSO-molecule take place more in the 1 M solution than in 3M solution.
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Figure 3. 1: Cyclo voltagramms of the Lithium deposition at Au sputtered Goretex teflon
membrane electrode in a) 1 M LITFSI/DMSO; b) 3 M LiTFSI/DMSO solution. Sweep rate: 10
mV/s. WE: Au; RE: Ag/Ag"; CE: Au. Inset: lithium deposition in 1 M and 3 M LiTFSI/DMSO
on a copper working electrode respectively (taken from 1),

Figure 3.3 shows the electrochemical deposition of lithium at Pt sputtered Gore-Tex Teflon
membrane electrode using 1 M and 3 M LiTFSI/DMSO electrolyte. The experiments started
0.5 V vs. Ag/Ag" in the cathodic direction with a sweep rate of 10 mV/s. At the open circuit
voltage about 1.1 V there is no negative current when the working electrode contact with the
electrolyte. After the potential reaching -2.2 V vs. Ag/Ag" the current increases slowly to
negative values, this is attributed to an initial overpotential to form the nucleation on the Au
electrode surface. (Figure 3.4 a) The current increases continuously during the negative sweep
until -4.0 V, which indicate the Li-deposition on Pt surface. During the stripping reaction a small

broad peak was observed in the positive sweep at -2.0 V, when -0.2 V is reached the dissolution
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of lithium was complete. Considering to 3 M solution, the current drops at -2.0 V and gives rise
to a shoulder, which might indicate that a Li-Pt alloy compound formed. (Figure 3.4 b) Actually
there are many literature reports the platinum-lithium alloy formation. During the formation of
the Pt-Li alloy the lithium plating reaction occurs on the Pt-Li alloy at such relatively low
current. Once a SEI between the alloy and the solution formed, a subsequent lithium deposition
could take place with high coulombic efficiency. The alloy formation at a lower negative
potential than the Li-deposition is due the slower Li* diffusion. By using a Pt working electrode

the Li-Pt alloy should occur at a lower potential near 0 V vs. Li*/Li (-2.0 V vs. Ag/Ag"). [131 114
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Figure 3. 2 MSCVs of Li-deposition for m/z = 2, 18, 32, 44, 45, 58, 62 and 78 on Au sputtered
Goretex teflon membrane with sweep rate 10mV/s. Potentials vs. Ag*/Ag. Left: in 1 M
LiTFSI/DMSO; right: 3 M LiTFSI/DMSO.

After the potential reaches -3.5 V the fast current increase fast shows the lithium bulk deposition.
In the anodic direction the lithium stripping occurs at the potential between -3.5 V and -2.0 V.

Both CVs show that the efficiency of the Li-deposition and —dissolution on the Pt electrode is
extremely low (~10 % for 1 M solution and ~20 % for 3 M solution) compared with the
deposition on Au in 3 M solution (Figure 3.3 b) electrode. The reason for the poor efficiency of
Li-deposition in DMSO containing electrolyte at Pt-electrode could be due to the formation of
an unstable SEI layer, which continuously react with the electrolyte and results in a higher
charge for the deposition. Another reason is the formation of a Li-Pt alloy, which is very stable

after deposition on the surface and is not be dissolved into the electrolyte again during the
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anodic sweep. This thin alloy layer can be react as a passivation layer. Otherwise it was reported
that some decompositions products of LiTFSI, such as Li»SO3 and Li>S, were formed when Li
deposited. The Li>S has a high solubility in DMSO, which means some amount of the charge
is consumed during the lithium deposition on the Pt surface. It reduces the coulombic efficiency
of lithium anode. Furthermore there are some other side reactions which could be take place
during the deposition and dissolution such as solvent decomposition, H>-evolution and oxygen

reduction reaction.
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Figure 3. 3 Cyclic voltagramms of the Lithium deposition at Pt sputtered Goretex teflon
membrane electrode a) 1 M LiTFSI/DMSO; b) 3 M LIiTFSI/DMSO solution. Sweep rate: 10
mV/s. WE: Pt; RE: Ag/Ag+; CE: Pt. Inset: lithium deposition in 1 M and 3 M LiTFSI/DMSO
on a copper working electrode respectively.

The MSCVs for the Li-deposition at Pt sputtered Goretex teflon membrane electrode from an
1 M and 3 M LiTFSI/DMSO electrolyte system are shown in Figure 3.4 a and 3.4 b. In the
MSCYV strong signals can be seen with m/z = 2 (Hz), 28(CO) and 62 (CH3-S-CH3) in the
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cathodic direction, which starts with the Pt-Li alloy formation at the potential of -2.5 V vs.
Ag/Ag". That means some small amount of hydrogen is detected in the cathodic sweep, which
could be formed from reaction of Li metal with H>O. The formation of CH3-S-CH3 is due to the
decomposition of DMSO solvent molecule. A difference could be seen between 1 M and 3 M
solution, in the anodic direction a huge signal for the CO> with m/z = 44 was observed when
the potential reach to 0.5 V vs. Ag/Ag" for 1 M solution, (Figure 3.5 a) which is not observed
for 3 M solution. Also, a signal for CH4 with m/z = 16 was observed during the Li deposition.
On the platinum electrode the decomposition of the electrolyte could occur more easily than on
the Au electrode because of the higher reactivity of the Pt metal surface, especially for the

hydrogen evolution.
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Figure 3. 4. CVs and MSCVs of Li-deposition for m/z = 2, 16, 18, 28, 32, 44, and 62 on Pt
sputtered Goretex teflon membrane with sweep rate 10mV/s. Potentials vs. Ag+/Ag. Left: in 1
M LiTFSI/DMSO; right: 3 M LiTFSI/DMSO.

3.3.2 Magnesium Deposition and Dissolution

Figure 3.5 shows the electrochemical deposition of magnesium in 0.5 M MACC in TG solution

with 100 mV/s. The experiment was started at 0.05 V vs. Ag/Ag+ in the cathodic direction. The

open circuit potential of this electrolyte system is 0.65 V Ag/Ag". The black arrow in fig. 3.5

shows the direction of the sweep. It can be seen that the magnesium deposition starts at -2.85

V vs. Ag/Ag’, and in the anodic direction a broad peak for magnesium dissolution which starts
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at -2.34 V vs. Ag/Ag" in the first cycle. Both of these potentials shift more and more to -2.5 V
vs. Ag/Ag" with increased cycle number i.e., the deposition process becomes more reversible
(Figure 3.5) The coulombic efficiency, which was calculated from the charge of the deposition
divide by the charge of dissolution, increases also from 84.3% in the first cycle to 99.9% in the
stable CVs with 100 mV/s (Figure 3.6). The higher overpotential in the first cycle and the shift
of this potential could be due to the freshly prepared MACC solution, which typically shows
low Mg deposition and stripping reversibility at the beginning. * ') The MACC solution should
be first cycled until a nearly 100% reversibility of Mg-plating and stripping is observed. 1]
They called this a “conditioning” of the MACC electrolytes. In the “conditioning” process some
other side reactions occur, such as aluminium deposition consuming charge during the Mg-
deposition. The low efficient deposition at beginning could be also due to the impurities present
in reactants (water) as well as oligomers formed upon ring-opening polymerization during the

initial synthesis of MACC, like in THF solvent, [13-16]
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Figure 3.5: Cyclovoltammogramms for the Mg-deposition in 0.5 M MACC in TG on
polycrystalline Au electrode with a sweep rate 100 mV/s. WE: Au; CE: Mg; RE: 0.1 M AgNO3
in AN.

In Figure 3.7 the stable CVs for the magnesium deposition and dissolution in 0.5 M MACC in
TG solution with different sweep rate from 10 mV/s to 100 mV/s are shown. This experiment
was started with 100 mV/s and then switched to lower sweep rates, at the end with 100 mV/s
as control. The coulombic efficiencies are all near 100 %. The oxidative stability of this
electrolyte is greater than 3 V. An STM experiment has shown that no dendrites were formed in

0.5 M MACC/TG electrolyte. ''”! Particles with a size of 10-30 nm and a height of 2 nm were
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observed on the Au(111)-surface. A eQCM experiments shows a m.p.e value of 34 g/mol-e,
which is higher than expected for pure Mg deposition (12 g/mol-e). It is due to some co-
deposited compound with Al and Cl from the active species [AlCl4]” during reversibility Mg
deposition/dissolution in MACC in THF. M8 In the electrochemical deposition process of
magnesium in MACC/TG system the dimer [Mg2(u-Cl)s]" cation was found to be the active
species. The dimer [Mgx(u-Cl)3]" formed from the reaction between MgCl, and [MgCl]", which

was formed from the aluminate-based Lewis acid reacts by transmetallation.
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Figure 3.6: Magnesium deposition overpotential and coulombic efficiency as a function of cycle
number.
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Figure 3.7: Stable CVs for Mg-plating and stripping in 0.5 M MACC in TG solution with
different sweep rate.
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A DEMs study has been investigated in order to check the stability of the MACC electrolyte. It
has been found that ethylene formation as a decomposition product appears during the
magnesium dissolution. [!”! The ethylene was reductively formed by the reaction of Mg with
tetraglyme.

The choice of the reference electrode is a problem. A silver wire also has been used as pseudo-
reference electrode when testing the cell, but it is very dependent on the anion in the electrolytes.
To avoid this issue, a calibration with a standard such as MeioFc has been used. (Figure 3.8)
The redox peaks appears at -0.2 V vs. Ag/Ag" and the Mg-deposition occurs at -2.5 V vs.
Me1oFc’/ MeioFc™.
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Figure 3.8: CV for Mg-plating and stripping in 0.5 M MACC + 2 mM MejoFc in TG solution
with 10 mV/s.

Figure 3.9 shows the electrochemical deposition of magnesium out of Mg(BH4),-based
electrolyte in TG. It is seen that the Mg-deposition from 1.5 M Mg(BHa4)2/TG without MgCl»
leads to a lower coulombic efficiency. (70 % without MgCl, and 95 % with MgCl,) The addition
of CI ion also decreases both the onset potential of the Mg-deposition and dissolution. The
polarization is in the electrolyte with Cl” ion is about 200 mV lower than in pure Mg(BH4)2/TG
electrolyte.

These experiments demonstrated that the electrolytes could be made compatible with
magnesium metal if the anion in the salt has sufficient reductive stability. It was proposed that
the chloride anion plays a big role for the formation of complexes and reduces the amount of
active water in the electrolyte. From the spectroscopic analyses by Mothadi et al. was suggested

that the electrochemical performance was strongly controlled by the salt dissociation. [*! In this
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electrolyte the complex cation MgBH4" works as the active species and thus improves the
electrochemical performance. The presence of MgBH4" was later proven by the theoretical
calculation and was reductive stable with magnesium metal.['”) In addition to the effect of
additives such as CI" or LiBH4, which form the complex in the electrolyte completely with the
BHy4 ions, the key factor is the number of oxygen donors of the solvents. It has been found that
irreversible agglomeration occurs in all glymes (from THF to tetraglyme) with borohydride salt.
(200 In the long chain ether such as tetraglyme the agglomeration rate is lowest and the solvent
diffuse slowly. However, the oxidative stability in all borohydride-based solution is quite low.

(Here 1.7 V vs. Mg/Mg*")
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Figure 3. 9: CVs for electrochemical magnesium deposition in a three electrode cell with 10
mV/s. black: 1.5 M Mg(BHs). in TG; red: 1.0 M Mg(BHs)2 + 0.5 M MgCl2 in TG. AE: Au; CE
and RE: Mg.

It has been generally understood that a passivation layer on the magnesium surface would block
the electrode. The properties of the interface plays an important role for the electrochemical
performance. The formation of SEI in magnesium batteries was first reported in BH4™ ion
containing solution. It was shown that a formation of H> during the magnesium deposition took
place, and plays a vital role in the formation of a SEI on the surface. *! This finding obtained
in this solution explains well the high coulombic efficiency and low overpontential observed
for Mg deposition/dissolution.

One of the most common salts for Mg batteries is Mg(TFSI), its anion is suitable for lithium
batteries due to the high anodic stability, commercial availability and high solubility in solvent.
In Figure 3.10 the CV for magnesium deposition and dissolution out of 0.5 M Mg(TFSI)2/TG

electrolytes is shown. A very large overpotential (2 V vs. Mg/Mg?*) and low current density
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(0.05 mA/cm?) for Mg-deposition and dissolution is obvious. The coulombic efficiency was
found to be below 40 %.

Oriskasa et al. have investigated the Mg plating and stripping in more details with variation of
the Mg(TFSI), concentration. (0.1 M to 1.5 M) In all solutions very larges overpotentials (2 V)
and low coulombic efficiency (below 30 %) were observed, which was similar to our result. (2
It has been also found in this study that the transference number of Mg?* is not very high (0.297
for 0.2 M Mg(TFSI)»/DG) and is decreasing with increased concentration. That was ascribed
to the strong association between the Mg?" and the TFSI™ anion. In the high concentration
solution this association effect became more and more noticeable, thus lowering the
transference number. 3! The poor performance of Mg(TFSI), could be due to the instability of
the TFSI ion. The decomposition of the TFSI ion can associated the presence of trace amounts
of F, N, O, and C. The simulation has also proven that the instability of TFSI" ion is due to the
Mg**-TFSI" complex. [ Otherwise, the impurities in the electrolytes such as trace water could
also disturb the Mg plating and stripping. Also the glyme itself is instable with the magnesium
metal during the deposition. ! Thereby, it is very difficult to achieve reversible Mg deposition

and dissolution using pure simple Mg(TFSI), electrolyte.
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Figure 3. 10: CV for electrochemical magnesium deposition in a three electrode cell with 1
mV/s in 0.5 M Mg(TFSI) in TG. AE: Au; CE and RE: Mg.

To avoid the instability of [Mg-TFSI]" complex and improve the electrochemical performance,
a small amount of Mg(BHa4)> was added into the electrolyte. With additive of 10 mM Mg(BHa4),
the reversible Mg deposition and dissolution was observed. (Figure 3.11) This small amount of
Mg(BHa)2 results in a high coulombic efficiency of 90 % and low initial deposition (-0.08 V)
and (0 V) stripping potentials. In one report, this kind of electrolyte is more resistant to

decomposition, as the solvation structure was changed with the reductive stable BH4". A mixed
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BH4-TFSI" solvation shell of Mg?* is more stable than [MgTFSI]-. 2 Also, the BH4™ is highly
reductive, which can reduce the impurities in the electrolyte such as H>O via following equation:

Ca(BH4), + 2H20O — Ca [B(OH3)]2 + 4HoT
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Figure 3. 11: CV for electrochemical magnesium deposition in a three electrode cell with 1
mV/s in 0.5 M Mg(TFSI)2 + 10 mM Mg(BHa4)2 in TG. AE: Au CE; and RE: Mg.

3.3.3 Calcium Deposition and Dissolution

As shown in Figure 3.12, the calcium deposition and dissolution was carried out by cyclic
voltammetry using a three-electrode cell in 1.5 M Ca(BHas), in THF electrolyte at room
temperature. The coulombic efficiency and the current density increase upon cycles. (Figure
3.12 left) The coulombic efficiency reach to 97 % in the stable CV (Figure 3.12 right) from
72.7 % at the first initial cycle. The variation of coulombic efficiency with the cycle number
was shown in Figure 3.13. Calcium deposition was starting at about -0.2 V vs. Ca/Ca*" (200
mV more negative than the thermodynamic potential of Ca/Ca®"), and a high current density
for calcium stripping was observed. (7 mA/cm?) The anodic stability of this electrolyte is up to
3 Vvs. Ca/Ca*".

To better understand the properties of this electrolyte, the Ca salt concentration for the calcium
deposition was varied (Figure 3.14), and the ion conductivity was studied. (Figure 3.15) The
current density of the calcium stripping peak and the coulombic efficiency of calcium plating
and stripping was increasing with increased concentration. In the 0.3 M solution no calcium
dissolution was observed. The ion conductivity also increases with increased concentration of
Ca(BH4)2. From 0.5 M to 1.5 M a linear relationship between the conductivity and the

concentration is observed, below 0.5 M the conductivity increases only slowly. These results
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indicate that the reversible calcium plating and stripping occurs only out of the electrolyte with

the concentration of Ca(BHa)2 higher than 1.2 M.
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Figure 3. 12: Cyclovoltammogramms for the Ca-deposition in 1.5 M Ca(BHa4)2 in THF on
polycrystalline Au electrode with a sweep rate 10 mV/s. WE: Au; CE and RE: Ca. a): the first
10 cycles. The coulombic efficiency and the current density increase upon cycles. b): stable CV
with the reversibility of 97 %.

At a lower concentrations of Ca(BH4) (e.g. 0.5 M), additional THF molecules coordinate to
the Ca ion and thereby increase the solvation effect. This result was obtained from **Ca NMR
spectra, which showed a chemical up field shift of the **Ca signals (ca. 2.3 ppm). ] After
introduction of LiBH4 a 16.1 ppm down field shift of *Ca was observed for 1.5 M Ca(BH4),-

LiBHs-THF electrolyte, which suggests a weaker solvation effect. As a result of the distribution
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function, the coordination number of oxygen in the first solvation shell of Ca** is reduced by
about 40 % in the Ca(BH4),-LiBH4-THF electrolyte. 3! Even at low concentration with 0.4 M
Ca(BH4)2-LiBH4-THF electrolyte the calcium deposition showed high reversibility and low

overpotential at room temperature.
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Figure 3. 13: Variation of coulombic efficiency with the cycle number. 72.7 % at the first cycle
and 97 % in the stable CV.
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Figure 3. 14: variation of the Ca salt concentrations in THF-based electrolytes for the calcium
deposition and dissolution with 10 mV/s. AE: Au; RE and CE: Ca. a) 1.5 M Ca(BHa4)2; b) 1.2
M Ca(BHa)2; ¢) 0.5 M Ca(BHa4)2; d) 0.3 M Ca(BHa4)2.
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Figure 3. 15: conductivity measurements of variation the Ca(BH4)2 concentration (0.1 M to 1.5
M) in THF.

To investigate the electrochemical Ca-deposition in other organic solvents, two electrolytes
with a ratio of 6: 1 between THF/DG and THF/DME were examined. The CVs are shown in
Figure 3.16. The addition of DG and DME has a negative effect on the Ca-deposition, the
coulombic efficiency in both electrolytes was reduced from 97 % to 80 % due to the instability
of the DG and DME themselves and the lower solubility of Ca(BH4)2 in DME. After cycling

some white crystals were found in the cell.
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Figure 3. 16: CVs of the Ca(BHa4).-based electrolytes for the calcium deposition and dissolution
with 10 mV/s. AE: Au; RE and CE: Ca. a) 1.5 M Ca(BHa)2 in THF/DG (6:1); b) 1.5 M Ca(BHa)2
in THF/DME (6:1).

Calcium bis(trifluoromethanesulfonyl)imide (Ca(TFSI)>) is another commercially available
simple Ca salt. No sufficient electrochemical deposition of calcium was observed in any
experiments carried out with Ca(TFSI).. Due to the instability of tetraglyme itself in the
presence of deposited metal U7 or trace water impurities 2 and the previous result in
Ca(BH4)>/THF, THF as a solvent was suggested for investigation of calcium deposition with
Ca(TFSI),. (Figure 3.17) No reversible deposition and dissolution of calcium in 0.5 M
Ca(TFSI); in THF and in 0.5 M Ca(TFSI)2 + 0.5 M Ca(BH4). in THF electrolytes is observed.
Since LiAlH4 is a relatively strong reducing agent, which might withstand the reducing
environment of the calcium anode, the addition of a small amount LiAlH4 (0.05 M) was
introduced into the electrolyte. The investigation of this mixed electrolyte with Ca(TFSI)2 (0.5
M and 1.0 M) and 0.05 M LiAIH4 in THF are shown in Figure 3.17 ¢ and d. However, the
addition of LiAlH4™ cannot enable the cycling with the observation of the TFSI" reduction and
THF oxidation. In other experiments with introduction of HMDS ion und CaH; the calcium
deposition also was not observed. Even a small amount of TFSI™ anion (0.2 M Ca(TFSI);) can
influence the electrochemical performance Ca(BHa4)/THF (Figure 3.18). The reason for
unsuccessfully calcium deposition with Ca(TFSI), was in previous studies to the instability of

TFSI anion during reduction and instability of some complexes of Ca>* with TFSI". [1%-26]
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Figure 3. 17: CVs of the Ca(TFSI).-based electrolytes in THF for the calcium deposition and
dissolution with 10 mV/s. AE: Au; RE and CE: Ca. a) 0.5 M Ca(TFSlI)2; b) 0.5 M Ca(TFSI), +
0.5 Ca(BHa4)2; ¢) 0.5 M Ca(TFSI)2+ 0.05 M LiAlH4; d) 1.0 M Ca(TFSI)2+ 0.05 M LiAlHa,
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Figure 3. 18: Cyclovoltammogramms for the Ca-deposition in 1.2 M Ca(BH4)2 in THF (blue)
and 1.2 M Ca(BH4)> + 0.2 M Ca(TFSI), in THF (red) on polycrystalline Au electrode with a
sweep rate 10 mV/s. WE: Au; CE and RE: Ca. With addition of 0.2 M Ca(TFSI)2 the reversible
Ca plating and stripping was disturbed.
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Figure 3. 19: CVs of the Ca(TFSI).-based electrolytes in TG for the calcium deposition and
dissolution with 10 mV/s. AE: Au; RE and CE: Ca. a) 0.1 M Ca(TFSlI)2; b) 0.1 M Ca(TFSI), +
10 mM Ca(BHa)2; c) 0) 0.2 M Ca(TFSl)z; d) 0.2 M Ca(TFSI)2 + 10 mM Ca(BHa)2.
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Figure 3. 20: Cyclovoltammogramms for the Ca-deposition in 0.45 M Ca(BF4). in PC/EC (1:1
wt%) on polycrystalline Au electrode with a sweep rate 50 mV/s. WE: Au; CE and RE: Ca.
After potential hold for 120 s the Ca stripping peak was appears.

In Figure 3.19 the CVs of the measurements of Ca(TFSI)z in TG are shown. In neither 0.1 M

or 0.2 M Ca(TFSI)2 in TG the reversible Ca plating and stripping were observed. In the cathodic

sweep the current drop at about -0.5 V vs. Ca corresponding to the decomposition of the TFSI

ion. (Figure 8.5 a and c) Because of the observation of reversible Ca plating and stripping in

Ca(BH4)2/THF system, a small amount of Ca(BH4)> (10 mM) was added in the electrolytes in

order to enhance the electrochemical performance. The current density reach to -0.25 mV/cm?
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with 10 mV/s in the first cycle. (Figure 8.5 b and d) However, it was decreasing fast from the
second cycle and no reversible calcium stripping has been found. In addition, the Ca deposition

is also not observed in the electrolyte containing 0.8 M Ca(BH4)2 in TG.
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0.2 1 0.5 M Ca(BF,),in THF
10 mV/s

Cadissolution

0.1 1

1 THF oxidation
-0.14

i/ mA-cm’

-0.2 4

-0.3 1 Ca deposition and electrolyte decomposition

-0.4

T T T T T T T T T T T T
-3 -2 -1 0 1 2 3
Evs. Ca/Ca”™ IV

Figure 3. 21: Cyclovoltammogramm for the Ca-deposition in 0.5 M Ca(BF4)2 in THF on
polycrystalline Au electrode with a sweep rate 10 mV/s. WE: Au; CE and RE: Ca.

The following experiments of Ca plating and stripping out of Ca(BF4); in THF and in DMSO
aimed at achieving a reversible Ca-deposition at room temperature, since THF is suitable for
reversible Ca-deposition with 1.5 M Ca(BH4)> and DMSQO is suitable for Li-deposition with
high concentration of LiTFSI (3 M). [> 1% In 0.5 M Ca(BF4), in THF solution a very small peak
starting at 0.5 V vs. Ca/Ca*" in the anodic sweep is seen, which is attributed it to be the Ca-
dissolution. (Figure 3.21) In the cathodic sweep the current was increasing continuous at ca. 0
V vs. Ca/Ca*" due to the Ca-deposition and electrolyte decomposition.

In 0.5 M Ca(BF4)> in DMSO no reversible calcium plating and stripping was observed. (Figure
3.22 a) In the Figure 3.22 b the calcium deposition starting at -0.8 V vs. Ca/Ca®" was observed
with introduction of 10 mM Ca(BH4), in DMSO a broad peak at 0.7 V vs. Ca/Ca** in the anodic
sweep has been found, which is related to the dissolution of calcium. However, the coulombic
efficient is very low (10 %) and anodic stability is about 2.0 V refer to calcium compared with

in PC/EC electrolyte (4.0 V).
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Figure 3. 22: CVs of the Ca(BF4):-based electrolytes in DMSO for the calcium deposition and
dissolution with 10 mV/s. AE: Au; RE and CE: Ca. left) 0.5 M Ca(BF4)2; b) 0.5 M Ca(BF4), +

10 mM Ca(BHa)>.
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3.4 Conclusion

The lithium deposition and dissolution in 1 M and 3 M LiTFSI/DMSO solution on an Au and
Pt sputtered Gore-Tex Teflon membrane electrode using CV and DEMS has been studied. We
found that the concentration is an important factor for the Li plating/stripping. On Au electrode
in 3 M DMSO-based solution the highest coulombic efficiency was observed, because there is
no free DMSO molecule, all DMSO molecule are used to form the complexes with LiTFSI,
which is active species for the lithium deposition. For 1 M solution on Au electrode and for 1M
and 3M solution on Pt electrode the coulombic efficiencies are low. The decomposition of the
specific lithium salt (LiTFSI) and of the DMSO-molecular are the main reason and
demonstrated by using DEMS. We propose that an unstable SEI is formed during the lithium
deposition, because the decomposition products have a high solubility in DMSO solution.
Hydrogen evolution was also observed during the lithium deposition.

We discussed the electrochemical properties of magnesium deposition from MACC, Mg(BHa4)2
and Mg(TFSI)2 in TG solution. The 0.5 M MACC in TG solution shows a high coulombic
efficiency (99.5 %), low overpotential and high oxidative stability (up to 3 V). The magnesium
deposition occurs at about -2.2 V vs. MejogFc/MeioFc™. Freshly prepared MACC needs to be
conditioned due to impurities present in solution, complex formation with solvent or Al co-
deposition, until it shows high reversible magnesium plating and stripping. However, one of the
most important limitations of MACC electrolytes is the incompatibility with typical current
collectors due to the high concentration of CI” ion.

The high concentration of Mg(BH4)2/TG (1.5 M) electrolytes results in reversible magnesium
deposition and stripping. The coulombic efficiency is 70 %, which is lower than the electrolyte
with a small amount of MgCl, introducing into 1.0 M Mg(BH4)2/TG. This electrolyte is
compatible with magnesium metal, since the BH4™ is a strongly reductive species. The complex
Mg(BH4)" was present in the electrolyte and worked as the active species during the magnesium
plating and stripping. However, the anodic stability is quite low (ca. 2 V vs. Mg/Mg?*). The
standard reference MeioFc” could not be used in this electrolyte, because it is not stable with
the present of BH4 ion.

The 0.5 M Mg(TFSI)>/TG and 0.25 M Mg(TFSI)>+ 0.5 M MgCl,/TG electrolytes doesn’t show
high reversible magnesium deposition and dissolution. A very large separation (2 V) between
magnesium plating and stripping was observed in 0.5 M Mg(TFSI)2/TG. The poor
electrochemical performance of this electrolyte is mainly related to the instability of the TFSI
ion. This limitation of stability for Mg(TFSI); is one of the most important factor for the

magnesium plating and stripping, which include the Mg?*-TFSI" association in TG and TFSI"
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interact with the some impurities in the solution, such as water and Mg(OH),.

The electrochemical deposition of calcium in non-aqueous solvents is summarized in the Table
8.1. It has been found that most of the calcium salt are insolvable and only a few Ca-salts are
commercially available. Only very limited types of the salts could be investigated in THF, in
TG and in DMSO.

In Ca(BHa4)>/THF electrolytes the calcium plating and stripping can be considered only in the
solution with the concentration higher than 1.2 M. The highest current density, the highest
coulombic efficiency (97 %) and lower overpotential (100 mV) were detected at room
temperature in 1.5 M Ca(BH4)2/THF. After continuous cycling the CV was stable. The ionic
conductivity increases slightly from 0.1 M to 0.5 M and increase linearly steeply from 0.5 M to
1.5 M. The oxidation stability of the Ca(BH4)»/THF is 3 V versus Ca/Ca**, which is even low
for a possible cathode. In addition, a mixture of THF with DG and DMSO was investigated. In
both electrolytes the reversible Ca plating and stripping can be observed, but the coulombic
efficiency were decreasing from 97 % to ca. 80 % upon cycling with initial value of 95 % in
both case.

In Ca(TFSI);-based electrolytes no calcium plating and stripping was found. With 0.5 M and
1.0 M Ca(TFSI), in THF or in TG and with electrolytes additives of Ca(BH4)2, HMDS, or CaHo,
only electrolyte decomposition and solvent oxidation were observed. The instability of TFSI
ion is the problem for reversible Ca-plating and stripping. With presence of such a small amount
of Ca(TFSI); in 1.2 M Ca(BHa4)2/THF the peaks for Ca-plating and stripping were totally
disappeared. The reversible Ca-plating and stripping at room temperature in Ca(BF4)2/THF or
in Ca(BF4)2/DMSO were not observed.

In this chapter the problems of the calcium anode for rechargeable calcium batteries are not
solved. In the electrolytes, which are suitable for reversible Ca-plating and stripping, CaH or
CaF; are formed during the reduction. It is difficult to find suitable electrolytes and anode
materials, which are compatible with high voltage cathodes. In addition, the difference in
plating behaviour between Mg and Ca is need to be understood for further investigations, since

Mg can undergo partial reduction Mg** to Mg".
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Table 3. 1: the electrochemical deposition of calcium in non-aqueous solvents. The electrolyte
with * is the result from literature and reproduced. The electrolyte with # is the result from the

project partner or from Mr. Wieland.

2.5-
THF Dimethy| DME TG DMS NMP EC:PC

I-THF

Ca(BHa)2 1.0M | 0.775M% | 0.8 M*

Ca(BH4)2*2THF

CaCp2(THF): 0.75 M# 1.0 M*

Ca(TFSI)2 1.5M 1.0M

0.5M Ca(TFSI);+0.5M Ca(BHa4)2

0,5 M Ca(TFSI)2+0,05 M LiAlH4

Ca(TFSI): + CaCl,

Ca(Cl0Oa)2

Ca(BF4),

Ca(BF4)2 + Ca(BH4):2

Ca(OTf):

CaClz

Ca(AlHa)2 0.25M

CalAl(hfip)|2 0.25M*

Ca[B(hfip)]2 0.4 M* Glyme

Ca|B(hfip)|2

Ca[B(hfip)|2+ additive Ca(BH4):2

Ca|[B(hfip)|.+ additive HMDS

Ca|[B(hfip)]:+ additive CaH>

Ca[B(Cat):|2 0.5 M#

Ca[B(hfip)|.+ additive Ca(BH4):2

Ca(SCN)2

0.5 M CaCl: + AICI3
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Chapter 4: Insertion of Magnesium into Antimony Layers on Au Electrodes: Kinetic Behaviour

4.1 Abstract

Magnesium based secondary batteries are regarded as a viable alternative to the immensely
popular Li-ion systems. One of the largest challenges is the selection of a Mg anode material
since the insertion/extraction processes are kinetically slow because the large ionic radius and

high charge density of Mg?".

In an attempt to bridge the gap between insertion measurements in 3D composite electrode
materials and that in an idealized pure model system, we studied the insertion and diffusion of
Mg in a thin, massive layer of Sb deposited on Au by using PITT, CV and potential step
experiments. Mg insertion from a MACC/tetraglyme electrolyte into a Sb starts 300 mV
positive of the onset potential of Mg deposition as shown by cyclic voltammetry. The molar
ratio of Mg to Sb agrees well with the stoichiometry of a Mg3;Sb; alloy (Zintl-phase). The
diffusion coefficient of Mg-insertion into Sb — layers and the charge transfer rate have been
estimated by the above techniques. Such diffusion coefficients, albeit still somewhat “apparent”,
are much more closely related to true diffusion coefficient in the metal or alloy. The diffusion
coefficient of Mg into the Sb layers are in the range of 4-7x10'* cm?s™'. A very high Tafel slope
of 370 mV/dec was found in potential step experiments. Mg insertion has further been
investigated by XPS measurements. Besides Mg and Sb, also Al and Cl signals were detected,
particularly at the outer parts of the layer.

Keywords: Magnesium, insertion, electrodeposition, alloy, diffusion coefficient, kinetics
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4.2 Introduction

Rechargeable batteries have become essential energy storing devices, which are widely used in
portable electronic devices and hybrid electric vehicles. Magnesium based secondary batteries
have been regarded as a viable ‘environmental friendly, non-toxic’ alternative compared to the
Li-ion systems owing to its high volumetric capacity. ['"*! Unlike lithium, magnesium has no
tendency to form dendrites during recharge. [*8 But on the other hand, Mg anode is covered by
an insulation layer, differently from the formation of a solid electrolyte interface (SEI) layer.
One of the main challenges in the commercialization of Mg-ion batteries is the incompatibility
of magnesium anode with many electrolytes because of the formation of this passive film on
the anode surface resulting from the interaction of with the electrolyte. This problem is
particularly demanding when trying to combine an Mg anode with an oxygen cathode in an Mg
oxygen battery. >l The development of an Mg*" insertion anodes compatible with the

electrolyte might circumvent some of the problems.

Recently, antimony (Sb), tin (Sn) and bismuth (Bi) have been suggested as insertion materials,
because magnesium can form intermetallic with these materials. Bi and Sb have rhombohedral
crystal structures forming double layers. They can form alloys in a wide composition range 1
1A high initial capacity of 298 mAh/g at 1C rate has been reported for electrochemical
magnesiation at electrodeposited BiossSbo 12 alloy by Arthur et al. 3! However, the capacity is

declining to 215 mAh/g after 100 cycles.

A powdered Sn electrode has been used by Singh et al. as an anode for Mg-ion
insertion/extraction. ['*) However, they found a higher capacity close to the theoretical value
(903 mAh/g) and low voltage difference for Mg insertion and extraction (+0.15 vs. 0.20 V), the
capacity dropped to 200 mAh/g after 10 cycles at 0.05 C rate. They attributed the low coulombic
efficiency to the material pulverization after the severe volume change. The development of a
Sn anode, which demonstrate reversible Mg-insertion/de-insertion at 0.2 V vs. Mg, delivering
discharge capacity of 270 mAh/g with PhAMgCl/THF at room temperature, was reported by
Nguyen et al. '] Another study of a in situ de-alloying of bulk Mg>Sn for the formation of high
performance Mg-Ion battery anodes was investigated in. ['®! A reversible capacity of 300 mAh/g

was observed over 150 cycles at the rate of C/5.

Insertion/de-insertion of Mg at electrochemically deposited Bi in Mg(TFSI)./acetonitrile

solution has been also investigated. Tan et al. prepared a nanostructured Mg3;Bi» anode material

and reported a high coulombic efficiency (99%), high reversible specific capacity (360 mAh/g)

and high stability for Mg electrolytes. 7l Bi-nanotubes as an anode material for Mg
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insertion/de-insertion showed a superior cycling stability and rate performance in 0.1 M
Mg(BHa4)2-1.5 M LiBHs-diglyme. '8 The high cycle ability upon Mg insertion/extraction was
attributed to effectiveness of Bi-nanotubes in resisting the volume change. At electrodeposited
Bi-CNT composite materials as magnesium battery anodes in Mg(Cl0O4)2/MeCN electrolyte, a
high initial specific capacity of 180 mAh/g, dropped to 50 mAh/g after 3 cycles.['"]

Among Ge, Si, and Sn as anode materials for Mg insertion, Si could provide the lowest insertion
voltage (0.15 eV vs. Mg) and the highest specific capacity of 3827 mAh/g according to DFT
calculations. However, it is hard to overcome the slow diffusion of Mg into Si and the large
volume expansion (216%). On the other hand, Sn can provide a competitive volumetric energy

density (7.4 Wh/cc) under 100% volume expansion. (2]

Only very few reports on diffusion coefficients are available for Mg-anode materials. Until now
no diffusion coefficient for Mg insertion into Sb adlayers was reported. Zhou et al. present the
data set of the dilute tracer diffusion coefficients of about 10712 to 10"1* m?/s depending on the
temperature for Sb substitutional alloying elements in Mg calculated from calculations based
on density functional theory (DFT). [2!] Ramanathan reported a diffusion coefficient of 1x1074
from GITT (Galvonostatic Intermittent Titration Technique) measurements for Mg into Bi
particles (0.1 nm) in 0.25 M C,HsMgCl-((C2Hs)2AICI), in THF electrolyte. 2?1 Another novel
Bi-based anode (Bismuth oxyfluoride, BiOF) with a stable alloying reaction shows high
magnesium storage performance and high cycling stability. The Dwg values estimated from CV

to about 1.28-1.78x107'4 cm?/s. 231

More data for diffusion coefficients in alloys and insertion compunds are available for cathode
materials. E.g., a CuS cathode for a Magnesium ion battery can reversibly work at room
temperature and provide a high capacity of 400 mAh/g in a MACC electrolyte. The diffusions
coefficient for Mg-ion into CuS to form the MgxCuS was determined as 1.97x107'* cm?/s by
GITT.

The rate of insertion, and therefore the diffusion coefficient of metal ions in the electrode
material is one of the important evaluation parameters for fast charging and discharging metal
ion battery. For determining diffusion coefficient of Lithium in the solid states electrode
materials, electrochemical methods such as Electrochemical Impedance Spectroscopy (EIS), (>
261 Galvanostatic Intermittent Titration Technique (GITT), 12> 27} Potentiostatic Intermittent

Titration Technique (PITT) 2832 and Cyclic Voltammetry (CV) 334 have been applied.

In this manuscript, we thus want to bridge the gap between measurements of intercalation rates

and apparent diffusion coefficients in composite electrodes of intercalation compounds and true
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diffusion coefficients of an anodes materials for the magnesium battery.

We describe the electrochemical deposition of Sb on Au electrode by cyclic voltammetry and
eQCM techniques. We then study the insertion of Mg into multilayers of Sb using non-aqueous
electrolyte (MACC in tetraglyme). In a previous publication, we have already studied the
deposition of Sb on Au (111) including a characterization by STM. ! The apparent diffusion
coefficient of Mg in the solid state and the rate of charge transfer will be estimated from cyclic
voltammetry and potential step experiments and the cycling reversibility of insertion/de-

insertion will be demonstrated. In addition, a XPS study of Mg insertion/de-insertion is reported.

4.3 Experimental

Chemicals, materials and electrolyte

All aqueous electrolytes were prepared by 18.2 MQ from Milli-Q water and de-aerated with
high purity argon gas for at least 15 min before use. Electrochemical measurements in 0.5 M
H>SO4 (spectro pure grade) were implemented in a conventional three electrode glass-cell. A
Au sheet 1 cm? and RHE are used as counter electrode and a reference electrode respectively.
The electrochemical deposition of antimony at an Au working electrode was done in 0.25 mM

Sb2053(99.999%, Aldrich) + 0.5 M H2SOq4 electrolyte.

A polycrystalline Au electrode and an antimony modified Au electrode was used as working
electrodes for Mg deposition measurements. Magnesium foil was used as a counter electrode
and another one as a quasi-reference electrode. All the magnesium electrochemical deposition

measurements were carried out in the MBraun glovebox (H20 < 0.5 ppm, O2 < 0.5 ppm).

Au-sputtered quartz crystals (5 MHz, d = 25.4 mm) used for the electrochemical quartz crystal
microbalance (eQCM) measurements were purchased from Quartztechnik Daun GmbH. The
control unit was obtained from Gamry Instruments. Cu deposition from 0.1M CuSO4in 0.1 M

H>SO4 solution has been used to calibrate the eQCM.
Preparation of MACC

All chemicals were purchased from Sigma-Aldrich. The tetraglyme was distilled over sodium
and stored over molecular sieves (3 A) until the water content reaches to an amount less than 5
ppm. The water content has been determined by Coulometric Karl Fischer titration (Mettler
Toledo). MgCl, was heated overnight under vacuum at 290°C and then stored under thionyl

chloride for 1 week. At low pressure the thionyl chlorid was removed completely. All materials
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were handled in an Argon filled glovebox. The MACC electrolyte was prepared by adding
tetraglyme (20.5ml) to MgCl, (0.966g). While stirring the AICI3 (1.368g) was then added
stepwise. The whole mixture was stirred overnight after addition of an equivalent (H20: 63 ppm)
amount of MgH> to reduce the water content (to below 10 ppm after). For details see Hegemann

et al. [®

Cyclic voltammetry (CV) and potential step experiments

Electrochemical measurements in 0.5 M H>SO4 were carried out in a conventional three
electrode glass H-cell consisting of three compartments for fixing the working electrode,
reference electrode and counter electrode. The working electrode is placed in the central
compartment and contacted with solution in a hanging meniscus configuration. The reference
electrode is placed in the compartment where it is connected to the central compartment with a
Luggin capillary. The counter electrode is placed in the compartment, separated from the central

compartment by a glass frit.

All electrochemical measurements were carried out using a potentiostat purchased from Pine
Instruments, Inc. (model AFBPC1) in combination with homemade LabVIEW program
(National Instruments GmbH, Munich, Germany) for recording the cyclic voltammograms

(CVs).
XPS-Measurment

To investigate the chemical state of Sb modified electrodes by X-Ray Photoelectron
Spectroscopy (XPS), a Sb layer was electrodeposited on Au electrodes (d=10 mm) during a
90 min potential hold at 0.1 V vs RHE in 0.5 m H>SO4 with 0.25 mM Sb20s. In a further
experiment, an electrode was transferred to an Ar filled glovebox. Insertion of Mg was
performed at a constant potential for 820 min at ~ 0.1 V vs Mg?>*|Mg in the MACC electrolyte.
The sample electrodes are mounted on a crystal holder manufactured out of steel. After the Mg
insertion, the sample is washed with dry THF and mounted into a homemade sample transfer
system. This transfer system allows the transfer of a sample between the glovebox and the UHV
chamber without contact to air. In the measurements in which the Sb electrode was examined
without an insertion of magnesium, the electrode was first washed with a mixture gas of Ar:H»
(9:1) after Sb deposition and then transferred to the XP spectrometer via the laboratory
atmosphere. The XP Spectrometer is part of a homemade UHV chamber with a base pressure
of 5-10" 1% mbar. 13361 The used X-Ray source is a non-monochromatized Mg K, (1253.6 eV)
source. As electron energy analyzer a hemispherical electron analyzer (Omnicron

NanoTechnology EA 125) is used. Survey spectra were recorded with a pass energy of 50 eV
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and an energy resolution of 0.5 eV. High-resolution spectra were recorded with different pass
energies (references to this are made in the evaluation) and an energy resolution of 0.1 eV. To
increase the signal to noise ratio, the high-resolution spectra are an average of 6 spectra. The
binding energy was calibrated using the Au 4f7 peak at 83.95 eV, 7} which is present in all
measurements after a certain Ar” etching time. The XPS measurements were accompanied by

Ar'-etching (Physical Electronics Model 04-191, 3 kV, Lemission=25 MA, Isampie=1 pA).

4.4 Results and discussion

4.4.1 Preparation of Sb modified Au electrode and eQCM characterization

The cyclic voltammogram of electrochemical deposition of bulk Sb at polycrystalline Au
electrode is shown in Fig. 4.1a. It is similar to that observed at Au(111) electrode except for the
much broader monolayer stripping peak. ) Sb UPD (C; and C>) and Sb bulk deposition at Au
electrode has been also studied by eQCM. Fig.1 right shows the frequency change during the
deposition and dissolution of Sb and the corresponding CVs. When the potential was held at 0
V for different periods of time (10 min and 30 min), the continuous decrease in frequency

confirmed bulk Sb deposition according to:
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Figure 4. 1a): Cyclic voltammograms of polycrystalline Au in 0.25 mM Sb203 + 0.5M H2SO4
electrolyte at the sweep rate of 10 mV s*. Inset: current transient when the potential was held
at 0 V for 9 min after a potential sweep as indicated in red (dotted) and photo of Au surface
modified by large amount of Sh. b): eQCM measurement of Sb deposition on Au electrode, the
potential was held at 0 V for 10 min and then for 30 min.
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The eQCM results of bulk antimony deposition and dissolution are summarized in table 1. The
experimental results of m.p.e value is in a good agreement with the theoretical value. The
expected m.p.e value for antimony is 40.58 g/mol, since antimony has an atomic mass of 121.76

g/mol and three electrons are exchanged per deposited Sb-atom.

The faradaic charge of Sb deposition is higher than that of dissolution charge. This difference
indicates some side reactions during deposition, e.g. reduction of residual oxygen. After
deposition, the Sb-modified Au electrode was transferred to the glovebox under inert

atmosphere where the electrochemical insertion of Mg from MACC electrolyte was started.

Table 4. 1: The calculated mpe values for Sh deposition and dissolution during a potential hold
atoVv.

Time of potential holding | Sweep | Afi/Hz | Am/pg | AQ/mC | m.p.e/ g/mol
10 min cathodic 145 2.66 7.4 34.7
anodic | 135.2 1.95 6.1 30.7
30 min cathodic | 842.8 | 12.15 30.9 37.8
anodic 797 11.5 27.4 40.4

4.4.2 Mg insertion and deposition
a) Cyclic voltammetry

Fig. 4.2 shows the comparison of electrochemical deposition and stripping behavior of Mg at a
bare gold electrode and at a Sb-modified gold electrode in 0.5 M MgCl> + 0.5 M AICI3 in
tetraglyme. At the bare Au-electrode (see black curve), the slight increase in the current in the
potential range of 0 V to -0.3 V (vs. Mg) probably is due to the reduction of oxides or a blocking
layer which inhibits nucleation of Mg. The abrupt increase in the current at the potential below
-0.3 V is due to bulk deposition of Mg. In the anodic going sweep, the current remains negative
in the potential range of -0.75 to 0 V due to the continuous deposition of Mg. At E> 0V, which
is the true reversible Mg potential vs the quasi-reference, as revealed by the straight crossing of
the zero line, Mg is dissolved. On Sb-modified gold electrode (see red and blue curves)
deposition occurs already 0.32 V more positive, giving rise to a shoulder which we attribute to

the insertion of Mg into the Sb-adlayer and formation of the magnesiated binary phase of
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antimony (Mg3Sb,) (phase diagram in Fig. S4.1 %), according to the following equation:
2Sb +3Mg** +6e” = Mg, Sh, (4.2)

The formation of magnesiated binary phases of Bi and Sn (Mg3Bi» and Mg Sn respectively)

have been suggested before. ['* 3] From the thermodynamic data for Mg3Sb alloy formation

391 A% H = -300193.56J /mol, and A% S =-52.50J /mol-K , the calculated potential for Mg Sb

alloy formation at room temperature is ~550 mV (vs. Mg). Therefore, the experimental positive
shift for the insertion of Mg into Sb adlayers of 320 mV is in agreement with the theoretical
expectation. After the saturation of the host-layers, bulk deposition of Mg starts with the
corresponding increase of the cathodic current. As opposed to bulk deposition on Au, bulk
deposition on the Sb modified surface occurs without nucleation overpotential. In the anodic
going sweep, the bulk dissolution peak and the de-insertion peak overlap into a wide anodic
peak (see red curve). However, de-insertion becomes clearly visible when the potential was
reversed at -0.2 'V, i.e. before the bulk deposition (see blue curve). Mg de-insertion takes place
at a more positive potential compared to that of bulk dissolution. The onset of the de-insertion
above 0.6 V vs. Mg is also in agreement with the above mentioned value of 0.55 V for the alloy
formation. A large separation between the insertion and de-insertion peaks (AE) become
obvious of around = 0.3 V for the onset potential, and it probably indicates that the
electrochemical behavior is determined by the solid state diffusion step. (%!

Table 4. 2: Dependence of Mg insertion/de-insertion integrated charges on the potential sweep
rate and the corresponding coulombic efficiencies. (The charge of insertion was integrated until
0.1 Vfor 1 mV/s,until 0 V for 5 and 10 mV/s, and until -0.1 V for 20, 50, and 100 mV/s in the

cathodic sweep. The charge of de-insertion was integrated between 0.4 V and 1.4 V for all the
curves in the anodic sweep.)

v Charge (nC/cm?) | Charge (uC/cm?) | Col.  Eff. | Ratio of Mg:Sb of
(mV/s) (cath.) (anod.) (%) insertion

100 2048 2043 99 0.34

50 3536 3451 97.5 0.59

20 4167 4162 99 0.69

10 5406 5284 97.7 0.90

5 6846 6837 99 1.14

1 9111 9061 99.4 1.52
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Figure 4. 2: Cyclic voltammograms of Mg deposition/dissolution at bare Au-electrode (black
curve) and Sb modified Au-electrode (70 nmol/cm? red and blue curves) in MACC/tetraglyme
at the sweep rate of 17 mV s!. (Blue curve): Mg insertion/de-insertion at Sb modified electrode
in the potential range of -0.25 Vto 1.75 V.

The amount of inserted Mg in Sb is calculated from the charge of the cathodic peak around 0 V
to be 56 nmol/cm? (Fig. 4.2). The amount of Mg de-inserted in the anodic peaks is 55 nmol/cm?.
Together with the amount of deposited Sb we obtain a ratio for Mg:Sb of 0.8, whereas the
theoretical value is 1.5 for the Mg;Sb, phase. The structure model of MgszSb; is shown of the

insert in Fig. 4.2. [41:4]

Fig. 4.3 shows the cyclic voltammograms of a Sb modified Au electrode (~31.5 nmol/cm? Sb
on Au) in MACC/tetraglyme at different sweep rates from 1 to 100 mV s™! in the potential range
of -0.1 to 1.4 V vs. Mg. The charge for magnesation/demagnesation of antimony at different
potential sweep rates is shown in table 4.2. It increases as expected with decreasing sweep rate
and thus with increasing the time of insertion. (A control experiment at 50 mV/s recorded at the
end of experiment the CV measurements gave an identical result as in the beginning.). Thus,
there is no deactivation of the electrode surface and no noticeable change in the Sb layer in the
course of these cyclic voltammograms.) The ratio between the faradaic charge of anodic (de-
insertion) and cathodic (insertion) gives the apparent coulombic efficiency. So, close to 99 %
of the deposited magnesium is dissolved in the subsequent anodic sweep independently of the

sweep rate. The cathodic charge is slightly larger than anodic charge due to parasitic reactions
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such as hydrogen evolution or reduction of organic solvent [* %31 The ratio between Mg and Sb
for the sweep rate (1 mV) of 1.52 (theoretical value 1.5 for Mg3Sby), means that the Mg is
saturated in the Sb layers for low sweep rates. For higher sweep rates, the time is not sufficient
to achieve saturation obviously diffusion is too slow. This is also the reason for the incomplete

magnesiation in the experiment of fig 4.2.

4.4.3 Determination of diffusion coefficient of Mg into Sb adlayers

From cyclic voltammetry, we can simply estimate the diffusion coefficient from the change of
peak current with varying sweep rates assuming solid state diffusion as rate limiting using

eq.(4.3) (Randles-Sevcik equation for an irreversible system and semi-infinite diffusion) [*4I;
I, = 2.99 x 105n,/an, ACoDyzv°® (4.3)

Here, I, is the peak current in amps (A); n is the number of electrons transferred in the reaction
(2e” for Mg?"); A is the apparent surface area of the working electrode (0.785 cm?); Dwg is the
diffusion coefficient of Mg (cm? s™') in Sb; v is the sweep rate (V s7); Cy is the concentration of
Mg (theoretically, 0.038 mol cm™ since the density of Mg3Sb; alloy is 4.02 g/cm?) in the solid
state. For this equation to hold, it is assumed that during deposition the concentration of Mg
within the Sb layer at the surface is constant (the saturation concentration) and drops to zero
within the Sb layer (semi-infinite diffusion condition). The assumption of semi-infinite
diffusion is only valid for higher sweep rates where saturation of the Sb layer is largely
incomplete. (On the contrary, for low sweep rates or high diffusion coefficients and fast charge
transfer, the extent of insertion is determined by thermodynamics, and the current will be

proportional to the sweep rate.) Thus for diffusion controlled processes, I, should depend

linearly on /v as, e.g., was found for lithiation of graphite particle electrode. [**!

An almost linear relationship between the Mg insertion and de-insertion peak currents and
square root of sweep rate was obtained as shown in the inset of Fig. 4.3. A plot of the peak
potential vs. In v!”? results in a slope of 120 mV/dec suggesting an irreversible charge transfer,
see Fig. S4.2. From the slope of 1315 mA V-2 52 1in fig. 4.3, we estimate a diffusion coefficient
of 1.1x10* ¢m? s assuming an, = 0.5 for Mg insertion. (Since the above mentioned
boundary conditions are not valid for de-insertion, the diffusion coefficient is calculated from

the insertion peak only.)
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Figure 4. 3: Cyclic voltammograms of Mg insertion into Sb modified Au electrode (~31.5
nmol/cm?) in MACC/tetraglyme at different sweep rates from 1 to 100 mV s™!. Inset: Plot of I,

(peaks current) vs. v (square root of scan rate). Here, the value of ang, is 0.5. I, = 2.99 X
10°n,/an,ACyDyjzv°*

b) Potential step

A more accurate determination of the diffusion coefficient and the insertion kinetics should be
possible in potential step experiments. Three different potential step experiments were
performed with different Sb thicknesses. Here, thick Sb layers were used in order to achieve a
long period during which the Cottrell Equation is valid. Before each step experiment a CV for
Mg-insertion/de-insertion including Mg bulk deposition and dissolution was recorded (cf. Fig.
S4.3). The potential was then first held at 1.5 V (where complete de-insertion of Mg takes place)
in MACC electrolyte. Afterwards, the potential was stepped to a potential where magnesium is
inserted into the antimony layer. Then, the potential was stepped back to 1.5 V for 10 min where
the extraction of magnesium takes place, the faradaic current drops down to nearly O after a

time depending on the insertion period and potential.

A potential step experiment to various insertion potentials is shown in Figure 4.4. The potential
was stepped from 1.5 V vs. Mg to the selected potentials between -0.1 V and 0.2 V vs. Mg (each

potential for 5 min and for 10 min), where magnesium is inserted into the antimony layer. (Then
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the potential was stepped back to 1.5 V until the current dropped to nearly 0.) After the initial
double layer charging, the current for insertion nearly stays constant or slightly increases for
few seconds, indicating an initial kinetic rate limitation; the slight current increase may be due
to some contribution of a nucleation and growth process. A plot of the potential versus the
logarithm of the initial current (after double layer charging) is shown in S4.4. The value of Tafel
slope is 370 mV/decade, much higher than the typical value of 120 mV/decade for one-electron
transfer. This value of Tafel slope is equivalent to an, = 0.16 and therefore, for an assumed a
of 0.5 to 0.3, to the transfer of olny 0.5 to 0.3 elementary changes. This is certainly related to
the fact that we are dealing here with a coupled ion-electron transfer: Sb has a layered structure,
and the Mg?" ions are likely to initially diffuse (together with the counter ion) in between those
layers before a phase transition to the Zintl phase is taking place, which is indicated by the
current maxima in the transients. These effects certainly deserve more attention, but this is
beyond the scope of this paper. 61 A further reason for the large Tafel slope might be the
potential dependence of the equilibrium concentration of Mg in the alloy. Using the above value
of an, = 0.162 instead of 0.5 for the calculation of the diffusions coefficient from fig 4.3 in

the Randles-Sevcik equation (eq. 4.3). We obtain D = 3.4x10"'* cm?/s.

The concentration profiles in Fig. 4.5 visualize the change from kinetic to diffusion limitation
for the Mg insertion in Sb. The initially nearly constant current corresponds to a constant
concentration gradient. This is reasonable because the reactant is the Mg ion in solution, and
therefore the reaction rate of the charge transfer does not depend on the concentration in the Sb.
(This is different from the usual mixed charge-transfer and diffusion control.) Or, vice versa,
one can take the experimental result as a proof that the surface concentration of Mg in Sb is not
influencing the rate. Concentration at the interface increases until the concentration
corresponding to the equilibrium concentration at the given potential is reached. Then diffusion
control sets in as described by the Cottrell equation and later the limited thickness of the Sb

layer leads to further flattening.
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Figure 4. 4: The fisrt 300 s of Mg-insertion into Sb from MACC/tetraglyme electrolyte at
different potentials respectively. Insert: Potential step experiment for Mg insertion and de-
insertion. (The fresh deposited Sb-adlayers is about 82 nmol cm™. Repeated experiments for 5
min deposition are shown as broken line. (Hardly visible because superposition)

Figure 4. 5: Schematic concentration profiles for the Mg-insertion into Sb-adlayer. Red line:
kinetically controlled process before the onset of the current decrease. Blue line: after the
concentration reaches the maximal concentration Co, concentration decreases as typical for
diffusion limited processes. After t; boundary condition for Cottrell behavior is no longer valid
(dotted lines).
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Figure 4. 6: Potential step experiment for Mg de-insertion in MACCl/tetraglyme electrolyte
from Sb modified Au electrode (~82 nmol cm™) at 1.5 V after insertion at the indicated potential
values for a) 10 min and b) 5 min.

In order to check whether the initial current increase (indicating a nucleation phenomenon)
might be due to a slow reduction of an oxide layer on the Sb formed during transfer from the
aqueous preparation solution to the glove box, we also examined the lithium insertion into Sb-
modified polycrystalline Au-electrode by potential step experiments, There, no indication for a
nucleation is visible from the plot of current versus time and therefor an oxide layer does not
seem to be the cause of the nucleation phenomenon. (More Details in supporting information

S4.5-S4.8 and table S4.1.)

Fig. 4.6 shows the current transients during de-insertion of Mg. Only after insertion at the lowest
potential and for the longer insertion time of 10 min. a similar transient was observed as during
insertion, notably a constant initial current with a faint indication of nucleation. Qualitatively
the shape of the others resembles more to that expected for a mixed charge transfer — diffusion
controlled process, which is reasonable since the rate of Mg-de-insertion depends on the
concentration of Mg in the Sb layer. However, since a homogeneous distribution of Mg and
equilibration is not achieved during the insertion period, the transients have a more complicated

shape.
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Table 4. 3: Dependence of Mg insertion/de-insertion integrated charges (The steady states
current at t (10 min) was subtracted) during the potential step experiments on potential of
insertion, the corresponding coulombic efficiencies, the ratio between Sb and Mg and the
diffusions coefficient. (~82 nmol cm™ Sb on Au and Surface area was 0.785 cm?)

E/V amount Charge Charge Charge Charge Ratio of D (10 min) D (5 min)
vs. Mg of Sb/ 10min cath. 10 min | Smin cath. 5 min Mg:Sb for 10 em¥s | 10™ em¥s
nmol cm? /mC cm? anod /mC e¢m? anod insertion Insertion Insertion
/mC cm? /mC em? | [de-insertion] [de- [de-
(corr. value) (corr. for 10 min insertion] insertion]
value)
0.2 ~82 20.8 7.11 14.4 6.05 0,41 1.43 1.45
(6.57) (7.24) (0.45) [6.28] [2.55]
0.15 ~82 23.4 8.52 15.6 6.55 0.52 2.52 2.50
(8.11) (7.33) (0.55) [8.11] [5.88]
0.1 ~82 24.7 9.05 16.0 8.26 0.54 3.45 3.12
(8.39) (7.40) (0.58) [515] | [6.02]
0.05 ~82 25.8 11.9 17.2 9.75 0.59 4.47 4.47
(9.15) (8.77) (0.76) [107] | [5.59]
0 ~82 28.0 14.3 19.1 11.9 0.71 5.31 6.58
(11.1) (10.6) (0.91) [11.4] [11.5]
-0.05 | ~82 29.8 16.9 20.6 13.7 0.73 7.03 7.88
(11.6) (11.1) (1.08) [14.2] [11.1]
-0.1 ~82 35.8 24.7 26.7 15.8 1.00 4.82 5.02
(15.9) (16.5) (1.56) [13.5] | [10.1]
0.1 ~145 17.5 13.8 n.d. n.d. 0.47 (0.62) | 2.08 n.d.
(13.1) [4.65]
0 ~145 33.9 27.9 n.d. n.d. 0.80 (1.28) | 3.57 n.d.
(22.5) [8.32]
-0.1 ~218 80.4 66.9 49.2 43.2 1.91 7.71 6.43
(31.5) (30.3) (1.59) [17.4] [4.3]

The charges for insertion and de-insertion of magnesium are summarized in table 4.3 together

with the ratio between the deposited Sb and the inserted Mg. As obvious from a comparison of

the charge at 0 V with the theoretical charge for the formation of the Mg3Sb, alloy (23.7

mC/cm?), the uncorrected deposition charges are clearly too large. This is caused by the large,

constant residual currents, which we attribute to side reactions: The MACC solutions are

produced from the reaction between MgCl> and AICl; in TG solvents. Usually the solutions

need a “conditioning” processes *’! before a high magnesium deposition/dissolution

reversibility is achieved. During this process aluminum could also be inserted into the Sb-

adlayers or be deposited on the surface after the Mg-insertion, the aluminum deposition is slow

and occurs over long time. *!1 (Phase diagram for Al-Sb system see in S4.9) This will be further
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discussed in the context of the XPS measurements below. In addition TG may decompose at
the potential limits. ¥ Therefore, we also corrected the cathodic charge for Mg-insertion for 5
min and 10 min by subtracting the current at t =10 min for each step. But those corrected values
are far too low and lower than the charges observed during dissolution. Since during dissolution
of the inserted Mg the current drops to zero, the corresponding charge values seem most reliable.
In Table 4.3 it is seen that the ratio between inserted Mg and deposited Sb (calculated from the
de-insertion charge) increases with decreasing insertion potential from 0.45 to 1.56 after 10 min
insertion, to be compared to the theoretical value of 1.5. This latter value for -0.1 V is only
slightly too large, which may be caused by some bulk deposition. It should be kept in mind,
though, that some Mg might have been replaced by Al during these long deposition times, but
since the only possible alloy phase of Sb and Al is AISb, the corresponding charge for saturation

with Al is the same as for saturation with Mg.

A similar potential step experiment was performed for another freshly deposited Sb-adlayer
(~145 nmol cm™) (Figure S4.10) and a similar result was obtained. The corresponding CV is
shown in Figure S4.10. A slight current increase at the beginning of the Mg-insertion is
observed again for both potential steps (0 V and 0.1 V). After 10 min insertion the current does
not drop to 0, but reached a constant value (8 pA at0.1 V and 10 pA at 0 V). The charges of
Mg-insertion/de-insertion are also included in Table. 3 as well as the ratio between the deposited
Sb and the inserted Mg. In a further experiment (with 218 nmol cm™) we varied the insertion
time from 10 to 600 s at -0.01 V with a similar result (fig. S4.11). In particular, this experiment

confirms that saturation is not achieved after 5 min.

To verify that the current decrease during insertion after the faint maximum is due to diffusion
limitation, and in order to better estimate the diffusion coefficient, we evaluated the transients

according to the Cottrell equation for semi-infinite diffusion:

. _ ZFAVDC,

4.4
= (4.4)

(Here, A is the surface area; Co is the magnesium concentration in the antimony layer at the
boundary to the electrolyte during the potential step; at a potential just before bulk deposition
it should correspond to the maximum Mg content in Sb, which theoretically is 0.038 mol cm™
since the density of Mg3Sb; alloy is 4.02 g/cm?.) Of course, diffusion into a thin layer of Sb
follows this equation only as long as the concentration at the other boundary, the Sb/Au
interface, remains zero. On the other hand, because of the nucleation and kinetic hindrance at

the beginning, pure diffusion behavior as described by the Cottrel Equation only starts after the
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initial time to (cf. fig. 4.5). Therefore it is more convenient to use the integrated Cottrell equation,
where short times are at the origin of the graph of the charge Q vs. t*°, eq. (4.5). This way of
elucidation of the data has the advantage that the exact start of validity of the Cottrell behavior
does not play a role. (The plot of Q vs t*° are shown in fig. S4.12.) (Of course, this relation only

holds as long as the concentration of Mg at the inner boundary to Au remains zero.)

Even more instructive is a plot, which is linear in time, i.e. Q* vs t, allowing a better comparison
with the original transients in fig.4.6. D can then be calculated from the slope as shown in Fig.
4.7. After an initial deposition of about 2 mC/cm?, Q? increase linearly up to a value, which is
similar value for all potential steps (about Q? = 32.8 (mC/cm)?, Q=5.73 mC/cm?) This charge
corresponds to about 1/3 of the saturation value. At longer times the concentration at the 2™
boundary, the interface between Sb and Au, does not remain zero, and therefore the Cottrel
Equation is no longer valid. (see the concentration profile in Fig. 4.5) The plots of Q* vs t for

~145 nmol/cm? and ~218 nmol/cm? are shown in fig.S4.13 and S4.14.

2ZzFANVDC
=— _ ~ "0 4.5

The corresponding diffusion coefficients are included in table 3. (The results of ~218 nmol/cm?

Q

are shown in table S4.2) It should be noted that only for the most negative deposition potential
the concentration difference between the surface and the Sb bulk corresponds to Co. At more
positive potentials the concentration at the surface is lower, the highest possible value being the
equilibrium concentration corresponding to the applied deposition potential. Since this
equilibrium concentration is not known, we used Cy for the concentration in eq. (4.4) and (4.5),
knowing that this leads to values of D which should be corrected by (Co/C)?, where C is the
concentration at the surface. Therefore, the value of 7x10'* ¢m?/s should represent the most
reliable value. The value obtained from the evaluation of the Randles Sevcik equation (eq. 4.3)
of 3.4x107'* cm?/s is close to that observed in the potential step to 0.1 V. This is reasonable since

this is about the peak potential of the CVs.

When considering these diffusion coefficients, the following aspects have to be taken into

account:

1. Although very thin Sb layers deposited on Au (111) are extremely smooth, ) this is
certainly not the case to the same extent for the somewhat thicker layers deposited on
polycrystalline Au.

2. The incorporation of Mg into the Sb layer leads to an expansion and changing thickness.
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3. The evaluation of the slope in fig. 4.7 is done at a time after the maximum in the current
transient, i.e. after the phase transition. Therefore, the diffusion coefficient likely
corresponds to that of Mg in MgzSb,. However, this is the phase transition close to the
surface only, and therefore the experimental value of D may well be influenced by the
propagation rate of the phase change.

4. The diffusion coefficients obtained from the de-insertion transients are considerably

larger.
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60 - —— 0V 10 min
4=-=-0V5min
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Figure 4. 7: Plot of transient Charge (Q? vs. t) for a) Mg insertion at different potentials (from -
0.05 V to 0.2V) with the insertion time 10 min and b) Mg de-insertion at 1.5 V in Sb layers and
the slope for calculation of the diffusions coefficient. (Sb: ~82 nmol/cm?; surface area: 0.785
cm?)
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¢) PITT-Measurement (Potentiostatic Intermittent Titration Technique)

The experiment starts by recording the open circuit potential (OCP at about 1.8 V vs. Mg/Mg*")
of this system. Then, a step composed of 30 s pulse at the potential 0.3 V (where the insertion
of Mg take place), followed by 2 minutes of relaxation with the cell switched off is applied.
Afterwards, again a potential pulse to a potential increased by -0.1 V is applied, and the current
signal is recorded for 30 s, followed by 2 minutes of relaxation time. The same potential
increment is consecutively applied, starting from the voltage resulting from the previous step
and the signal is recorded for 30 s. The potential pulses are applied until the lower limit of -0.1
V is reached, where bulk deposition of Mg starts. Each potential pulse is followed by 2 minutes
of relaxation time. Afterwards, from 1.0 V positive potential increments of 0.1 V are
consecutively applied to the voltage resulting from the previous step, and the signal is also
recorded for 30 s. The potential pulses are repeated until the upper limit of 1.5 V is reached.

Each potential pulse is followed by 2 minutes of relaxation time.

During the negative potential pulses, Mg-ions are inserted into Sb. The reverse occurs during
the positive discharging potential pulses, where the Mg-ions are de-inserted from the negative
electrode, and the corresponding current is recorded. (Fig. 4.8 a). During each relaxation period,
the cell is switched off. Then, at the beginning of each potential pulse, a peak in the current
signal is observed. Afterwards, the value of the current signal decreases in an exponential like
fashion. The shape of the transient is similar to that of the previous potential step experiments.
Difterently from the previous potential step experiments, each new insertion is occurring into

Sb already containing some Mg.

The total charge deposited in the 6 pulses amounts to 35.8 mC/cm?, corresponding to a Mg:Sb
ratio of 1.76. Theoretically, the total charge of dissolution should equal that of
deposition/insertion. This, is obviously not the case. The reason is the same as for the large
residual current in the potential step experiment of fig.4.4: slow decomposition of the
electrolyte during the negative potential pulses and probably currentless dissolution of Mg

during the potential holds. This effect will be discussed below.

Also, the rest potential during the relaxation period attains fairly positive potential values and
does not remain constant suggesting that despite of the large negative charge corresponding to
saturation of Sb with Mg a real saturation is not achieved. (Ideally, at the end of the relaxation
period, the concentration is identical within the thin layer, and the potential corresponds to the

equilibrium potential for that concentration, which is calculated from the total charge flown.)

78



Chapter 4: Insertion of Magnesium into Antimony Layers on Au Electrodes: Kinetic Behaviour

2.0

1.0+ 415

{1.0
0.5 >
o A O 5 2
€ n
S >
< 0.0- ﬁuM 4003
E ~
= w

- 4-0.5

-0.5 1
4-1.0
-1.01 {-15
a)
-2.0

T T T T T T T T T T T T T T
0 300 600 900 1200 1500 1800 2100
t/s

80

[e2]
o
1

-2)2

c.cm
D
o

1

q2/(m

N
o
1

t(s)

Figure 4. 8: a) Potentials and relative current Curve from the PITT-measurement to determine
the diffusions coefficient of Mg-insertion and de-insertion in the Sb-adlayers. Potential from
0.4V to -0.1 V for the insertion and from 1.0 V to 1.5 V for the de-insertion. b) Plot of the Q?
versus the time for the insertion process to calculate the diffusion coefficient. Where the signal
becomes linear, the diffusion coefficient is calculated from the slope. (Sb: ~105 nmol/cm?;
surface area: 0.785 cm?)

The value of D is again calculated from the linear slope of Q? vs. the time of insertion as shown
in Fig. 4.8 b with the integrated Cottrell equation, here for the Co we used for simplicity the
saturations concentration for the calculation of the diffusions coefficient. (The plot of Q vs t*
are shown in Fig. S4.15.) The estimated diffusion coefficients from the PITT measurement are
summarized in Table. 4.4. It should be kept in mind though that it would be more correct to use

the concentration difference AC between the achievable equilibrium concentration at the
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respective potential (Co in the case of the lowest potentials) and the surface concentration
achieved in the preceding relaxation period; the values therefor ar off by the factor (Co/AC)?. It
is therefore not astonishing that the value for the lowest potential pulse (D = 1.6x10'* cm?/s is
lower than that in the potential step experiment in table 4.3 (D = 7x107'* cm?/s). A further
difference is that in the potential step experiment the Mg ions always first diffuse into the pure
Sb layers during the insertion process, followed by the structure change from Sb to Mg3Sbs.
But in the PITT measurement, there is a 30 s relaxation time between two alloying processes.
In this relaxation period, the Sb structure can partially change to Mg3Sb,, which leads to a
diffusion of Mg ion into a mixture of Sb and Mg3Sb, phase. The mobility of Mg ions in the
pure Sb layers is probably higher. But the largest value that observed at 0.1 V is close to that in
the potential experiment at 0.1 V and therefore can be taken as a confirmation for the

determination of the diffusion coefficients.

Table 4. 4: the calculated value of the diffusion coefficient for Mg-ions into Sb-adlayers by
using PITT-measurment, (the amount of deposited Sb is ~105 nmol/cm™?)

Potential (V) D (/10 cm?/s) Ratio of Mg:Sb
(sum value)
0.4 0.5 0.15
0.3 1.1 0.39
0.2 2.8 0.67
0.1 4.6 0.95
0 1.5 1.30
-0.1 1.6 1.76

4.4.4 XPS characterization of the Sb electrode after magnesium insertion

After the electrochemical deposition/insertion of Mg into Sb, the electrode was removed from
the cell and washed with 5 mL THF. (The XPS characterization of the Sb-deposit is shown in
S4.16.The amount of deposited Sb is estimated from the deposition current and also the inserted
Mg to be 1000 nmol/cm?) The electrode was then transferred under Ar atmosphere to the UHV

of the XP spectrometer. The recorded XPS Survey spectra are shown in Figure 4.9.

The XPS spectra could be assigned the specific core electron excitation of Mg, Al, Cl, C, Sb, O
and of the substrate Au. With the help of Ar" etching a depth profile is also obtained. After a

total duration of 270 min of Ar" etching the XP spectrum shows almost only the core level
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excitations of the Au substrate. (This shows that the chemical composition of the total deposited
Sb film, together with the modification by Mg insertion, is examined in the following.) The first
spectrum after the transfer is dominated by carbon. The chemical environment of the carbon
can be seen from the high resolution C 1s region. (More details about the C signal see Fig.

S4.17)
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Figure 4. 9: XP survey of the Sb modified Au electrode after the Mg insertion. The XP spectra
are taken after the transfer and for different Ar" etching times.

The high resolution spectrum of the Mg 2p core level excitation in Fig. 4.10 (a) shows a
relatively broad peak, which shifts to low binding energies for longer Ar" etch times. A
deconvolution of these peaks into different Mg species does not seem reliable. However, the
width of the peak indicates that MgClo, MgOH, MgO and Mg are likely to contribute. The shift
of the peak to higher binding energies indicates a higher proportion of Mg(0) in the investigated

layer for longer Ar" etch times.

By means of the deconvolution of the Al 2p core level excitation (see Fig. 4.10 (b)) it can be
shown that elemental aluminium is present within the deposited layer at a binding energy of
72.8 eV 1 In the deconvolutions routine, Al(0) and Al(+1II) were each fitted with a doublet of
gaussian-lorentz peaks. The area ratio corresponds to the expected ratio for a 2p core level
excitation and the peak generation was fixed at 0.42 eV %, Thus it can be shown that a side
reaction during Mg insertion in Sb is the deposition of elemental aluminium. Most of the Al(+I1I)
on the electrode surface is probably formed from Al(0) during the transfer of the electrode into

the XP spectrometer, as discussed above.
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Figure 4. 10: (a) High resolution XP spectra showing the Mg 2p core level excitation. (b) High
resolution XP spectra showing the Al 2p core level excitation. Here a deconvolution of the
experimental data is performed. Thereby two species Al(0) and Al(+111) each with a p excitation
doublet with an binding energy difference of 0.42 eV were used.’% Both sets of spectra were
recorded with a pass energy of 50 eV and a step width of 0.1 eV.

The atomic ratios were calculated from the individual XP spectra using the atomic sensitivity
factors of the core level excitation of the different peaks [*'). In Figure 4.11 these are shown in
a bar chart. For a better overview, the influence of carbon was not included. The values shown
are the atomic proportion in relation to the sum of all elements shown. It is noticeable that the
value for oxygen is very high and does not decay even after longer sputtering times. It can be
assumed that the surface or large parts of the Sb layer are oxidized during the transfer into the
XP spectrometer due to traces of O> in the Ar atmosphere. (The contamination of Oz and H,O
in the Ar gas used is 2 ppm/mol) For a rough estimate and as an upper limit for the amount of
oxygen uptake, with these concentration are calculated for the 5 min of transfer time a close of
5x10° langmuir, sufficient for 5x10° monolayers of oxygen. It is therefore conclusive that
during the duration of the transfer (about 5 min), the deposited layers oxidize, which explains
the high oxygen signal. The products of this oxidation reaction are hydroxides and oxides. In
fact, the deconvoluted O 1s signal indicates the presence of these products. The binding energy
of the deconvoluted O 1s region 1 (see red shaded area in fig. S4.18) indicates hydroxides,
whereas the deconvoluted region 2 (see orange shaded area in fig. S4.18) indicates oxides in

the XP spectra.

In general, this oxidation process limits the significance of the chemical shift of the binding
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energies, since oxidation is an artifact of the transfer process. Nevertheless, the XP spectra

unravel some important information about the electrochemical reactions during the insertion.
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Figure 4. 11: Atomic ratios of Sb, O, Mg, Al and Cl to the sum of the displayed elements. The
ratios were calculated out of the XP spectra taking the atomic sensitivity factors of the core
level excitations into account (corresponding element and symmetry of the atomic orbital) B,
Regarding the oxygen signal, this evaluation is more complex and the O 1s signal had to be
deconvoluted from the overlap between the O 1s and Sb 3d signal (see Fig. S4.18).

An important observation is the dependence of the Cl signal as a function of the Ar" etch time.
It can be seen that the Cl signal decreases with increasing Ar* etch time and therefore it is a
species that can be found on the surface. In addition to the deposited Mg, Al is also observed in
the XP spectra. In Fig. 4.11 it is shown that the ratio of Al to Mg decreases with increasing Ar”
etch time. Thus the Al signal is also originated from the electrode surface. Similar observations
were made by Gewirth and coworkers in the case of bulk magnesium deposition from MACC

in THF based electrolyte. [°%]

When looking at the ratio of Mg to Sb it is striking that the experimentally determined amount
of Mg is greater than corresponding to the stoichiometry of MgsSb,. This finding could have
several reasons. For one, it is conceivable that the antimony oxide present is chemically reduced
by the inserted Mg, which would result in the formation of magnesium oxide. The spectrum
after insertion shows no detectable amount of Sb in the oxidized state. (cf. Fig S4.18)
Furthermore, in the presence of CI ions in the electrolyte a magnesium surface decorated with
CI could be formed. This was postulated in the MACC/THF system and is due to the underlying
exothermic process. °3] Furthermore, the formation of Al-Sb alloy is conceivable. The reasons

listed above would explain the larger amount of Mg.
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4.4.5 Discussion
Mechanism of the Mg insertion into Sb out of MACC

On the basis of the findings in the XPS experiments and the literature on Mg deposition from
MACC a mechanism for the insertion of Mg into Sb from MACC will be formulated. Most
reports in the literature have been conducted in the THF based electrolyte and report a
magnesium dimer as an electroactive species for magnesium deposition with the molecular
formula [Mga(n-C1)s(THF)s]" B2 337V If THF is exchanged by tetraglyme, the exact structure
of the active species is not known, but we assume that it is a similar species (probably the dimer),
because the electrochemical measurements between tetraglyme and THF do not differ in terms

(331 Of course, the coordination of the

of electrochemically deposited species and reversibility.
dimer by tetraglyme would be different than by THF. Therefore, the coordination by tetraglyme
is neglected in the following and only the structure of dimer [Mga(u-Cl)s]" is considered. The

[Mg2(u-Cl)3]" complex is forming out of MgCl, and AICI3 in solution:
2MgCl, + AICl; — [Mga(u-Cl)3]" + AlCly (4.6)
In a simplifyed reaction [Mgx(u-Cl)3]" is electrochemically inserted into Sb:
3[Mga(u-Cl)s]" +4 Sb + 12e— 2Mg3Sb, + 9CI (4.7)

The authors would like to point out that the mechanism of the charge transfer is currently
discussed in the literature 1%, Due to the different electrochemical potentials of Mg3Sby
(E(Mg3Sh,=550 mV vs. Mg/Mg** from calculation of the thermodynamic data) and (the
standard potential of E(Al) =-1.67 V vs. RHE, so E(Al) = 0.7 vs. Mg/Mg?" and E(Al) = 0.3 vs.
AVAP" (1.0 V vs. Mg/Mg*") for AISb phase formation), there is thermodynamically driving

force that the insertion compound can reduce AlCls™ to metallic Al:
2Mg3Sby + 4AICL — 3[Mga(u-Cl)s]" + 2Sb + 4A1 + 7CI (4.8)

The free Cl™ anions generated in equations (4.7) and (4.8) can now adsorb on the electrode
surface (as observed in the XPS measurement). A catalysis of a magnesium deposition by CI is
reasonable, as it a well-known phenomenon for different metal deposition % 61 Another
advantage of chloride anions is the binding properties of chloride to water, which can reduce
the activity of free water. This would prevent passivation of the reactive MgzSb, electrode by
residual water in the electrolyte. In addition, reaction (4.8) would generate free Sb, allowing
reaction (4.7) to take place again. These argument can be an explanation for the background
current in the potential jump experiment after long periods of time (compare Fig. 4.4).

From CV, the diffusion coefficient of Mg insertion into Sb multilayers was estimated to be
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1.1x10* cm?%s with an, = 0.5 and 3.4x10'* cm?/s with the experimental value for an, =
0.16; in PITT measurements a value of 4.6x10'* cm?/s was found. From potential step
experiments the most reliable value is 7.0x107'* cm?/s. These values are in good agreement, in
particular when considering that the values lower than 7.0x10'* cm?/s correspond to positive
potentials where saturation is not achieved. They are about three orders of magnitude lower
than the value obtained for the diffusion of Li" ions in composite WO3 [27- 61621 and Li; xCoO2
[34,63.64] They are one order of magnitude lower than the value obtained from CVs for Li* ions
in LiFePO4 % Mao el. determined the ion diffusion coefficient (1.97x10* cm? s!) of
magnesium in the CuS-solid-solution region near the end of discharging and charging. [>* These
values are higher than the estimated value from GITT measurements for Mg diffusion into

porous Bi electrode (particle size of 0.1 nm) in magnesium organohaloaluminate electrolyte. 2]

The diffusion of Mg in solid host structures is more hindered than that of monovalent alkali
cations such as Li* and Na'. ! Furthermore, it has to be taken into account that the above
literature values of apparent diffusion coefficients correspond to the effective diffusion within
a composite layer of the material and whereas we have determined the diffusion in the bulk of
the homogenous material. This discrepancy on the diffusion coefficient values may be due to
the difference in the time of relaxation of Mg into electrodeposited Sb. In the cyclic voltammetry,
the relaxation time after the insertion is not enough to get a stable profile with homogenous
distribution of Mg in the whole layers of Sb. Consequently, during the stripping process, there
is a competition between the continuous distribution of Mg especially in the deep layers and
the extraction of Mg from the outer layers. In potential step experiments for 10 min was enough
to relax the Mg in the antimony layers and to obtain constant concentration of Mg everywhere.
The incongruity of Di; values obtained from different electrochemical techniques has been

reported. [66-68]

The observed Tafel slope of 370 mV/decade is unexpectedly high. The corresponding value of
the apparent transfer coefficient of 0.16 suggests that the Mg ion is only slightly discharged
when undergoing the transfer from the liquid to the Sb phase and therefore stays in contact with

the CI” counter ion during the rate-determining step.
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4.5 Conclusions

The electrochemical deposition of antimony on Au was investigated in 0.5 M H2SOj4 containing
0.25 mM Sb203 by cyclic voltammetry. Magnesium deposition/dissolution on Au and Sb
modified Au electrodes were investigated in 0.5 M MgCl, + 0.5 M AICl3 in tetraglyme
electrolyte. At the Sb modified Au electrode insertion of Mg into Sb starts at around 320 mV
more positive than the onset potential of bulk deposition at Au electrode. From the ratio of the
amount of the inserted Mg to that of the deposited Sb we conclude that a Mg3Sb» alloy is formed
in the corresponding peak. High coulombic efficiencies of Mg stripping to insertion charges
have been observed in cyclic voltammetry and potential step experiments. The MACC is a
complex system that during the insertion of Mg, the Al and Cl could also be inserted into the

Sb-adlayers. An observation of Al and Cl signals are found on the surface from the XPS data.

Consistent data for the diffusion rate of Mg into Sb multilayers were obtained from CV, from
potential step experiments and from PITT measurements. The best estimate for the diffusion
coefficient is 7x107'* cm?s™!, which is two orders of magnitude lower than the value for Li* ions

from our work (see supporting information).

The mechanism for the insertion of Mg into Sb from MACC is complex. The very high Tafel
slope suggests that the Mg ion is hardly discharged in the rate-determining step and therefore
might initially enter the Sb layer together with its counter ion. Furthermore, Mg in the insertion
compound may in part be slowly replaced by Al from the MACC electrolyte. But the exact role

of CI” and the suggested mechanism are not yet completely clear, further studies are necessary.
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Figure S4. 1: Phase Diagrams of Mg-Sb binary systems. There is only one thermodynamic
stable phase MgsSb; for this binary system. [!!
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Figure S4. 2: Plot of the peak potential for Mg-insertion versus log(v®®) (here, v is the sweep

rate from 1 mV/s to 100 mV/s, The Sb-layer is about 82 nmol/cm?) and the used equation is
showing as follow:

RT Dpg® aFv
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Figure S4. 3: Cyclic voltammograms of Mg insertion into Sb modified Au in MACCl/tetraglyme
electrode a) Sb: ~82 nmol/cm? at weep rates 50 mV s!; b) Sb: ~145 nmol/cm? at weep rates 1
mV s!; ¢) Sb: ~218 nmol/cm? at weep rates 10 mV s™!.
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From the linear fitting the tafel slop could be determined to be 370 mV/disc, this value is higher
than the usual value for kinetically controlled charge transfer, which is 120 mV/div. Certainly
also the potential dependence of the equilibrium alloy composition plays a role.
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Figure S4. 5: Cyclic voltammograms of Li deposition/dissolution at Sb modified Au-electrode
(183 nmol/cm?) at sweep rate 10 mV/s in the potential range of -3.0 V to -1.2 V vs. Ag/Ag" (-
0.3V to 1.5 V vs. Li) (black) and 1 mV/s in the potential range of -2.6 V to -1.2 V vs. Ag/Ag*
(0.1 Vto 1.5vs. Li) (blue).

Figure S4.5 shows the electrochemical deposition/dissolution and insertion/de-insertion of Li
at a Sb-modified gold electrode in 2 M LiTFSI in PC/EC (1:1) electrolyte. Both curve shows
the increase in the current at potential -2.1 V due to the Li-insertion into Sb-adlayers and
formation of lithium interaction binary phase of antimony. (Phase diagram is showed in Fig.
S4.6) 21 The abrupt increase in the current at the potential below -2.8 V is due to bulk deposition
of Li (black curve). On the anodic going sweep Li is dissolved at E > -2.8 V, which is the true
reversible Li potential vs the quasi-reference. The de-insertion start in the anodic direction at -
2.1 V. The insertion and de-insertion of Li into Sb-adlayers indicates a reversible system with a
reversibly of 99% for insertion/de-insertion. In both direction two peaks are observed Al and
A2 for the cathodic sweep, C1 and C2 for anodic sweep. We attribute this to two different Li-
Sb intermetallic compounds. The amount of the deposited Sb and the inserted Li in Sb (from
the charge of the sum A1 and A2 in the cathodic going sweep with 1 mV/s) was calculated to
be 183 and 433 nmol/cm’ respectively according to the corresponding peak in the cyclic
voltammograms. The charge for the insertion with the sweep rate from 10 mV/s is same as for
1 mV/s. The ratio between the amounts of the inserted Li to the deposited Sb is thus 2.36. (Li:Sb
= 2 for Li,Sb)
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Figure S4. 6: Phase Diagrams of Li-Sb binary systems. There are two thermodynamic stable
phases for this binary system, LizSb and Li>Sb.

In the potential step experiments which are shown in Fig. S4.7, the potential was first held at -
0.8 V vs Ag/Ag" in Li" containing PC/EC electrolyte. Afterwards, the potential was stepped to
a more negative potential (-2.6 V vs. Ag/Ag"), at which lithium could be inserted into the
antimony layer, for different time periods (60-600 s), then the potential was stepped back to -
0.8 V vs. Ag/Ag" until the current drop to the base line. The plot of the current versus the time
for lithium insertion is shown in figure S4.7. The insert shows the insertion of the first 30 s. The
current transient has a different shape compared to the Mg-insertion. Here a nucleation process
is not observed. The current for Li-insertion drops directly after the double layer charge and
after 100 s reach the base line. Obviously, insertion is faster and less side reactions occur than

during the Mg-insertion.
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Figure S4. 7: Potential step experiment for a) Li-insertion and b) Li de-insertion from 2 M
LiTFSI/TC/EC electrolyte into Sb modified Au electrode at -2.6 V vs. Ag/Ag" respectively.
Insert: the first 30 s of the a) Li-insertion and b) Li de-insertion.

The charges of the insertion/de-insertion, the ratio between the deposited Sb and the inserted Li
and the calculated diffusions coefficient are summarized in table S4.1. The charges of Li
insertion and extraction only slightly increase with the time of insertion. The apparent
coulombic efficiency is about 99%. The stronger current decrease after 10 s is likely to be
caused by the limited thickness of the SB — layer: The diffusion layer reaches the inner boundary
between Sb and the Au substrate.
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Table S4. 1: Dependence of Li insertion/de-insertion integrated charges during the potential
step experiments on potential of insertion, the corresponding coulombic efficiencies, the ratio

between Sb and Li and the diffusions coefficient. (~183 nmol cm™ Sb on Au)

Insertions Charge Charge Eff. Ratio of | p (*10‘12) insertion (de-
time (mC/cm?) (mC/cm?) (%) Li:Sb insertion)

(s) (cath.) (anod.)

30 37.8 37.7 99.8 2.13 4.5 (1.6)

60 38.7 38.4 99.3 2.18 5.3 (2.1)

120 39.6 39.5 99.6 2.23 6.1 (2.5)

300 39.8 39.6 99.2 2.25 6.4 (2.9)

By using the integrated Cottrell equation the diffusions coefficient could be calculated. In the
figure S8 shows the plot of the charge Q versus square root of the time s. The diffusion
coefficient varies within 4.5-6.4x1071? cm? s! depending on the lithium content in the Sb
modified electrode, which is two orders of magnitude higher than the value for Mg?* ions, and
similar to the reported value.*> 4 (Here for the Co we used the saturations concentration,
theoretically 0.017 mol cm™ for Li»Sb) We cannot exclude some contribution of a kinetic

hindrance, more data would be necessary.
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Figure S4. 8: Plot of the charge vs. square roots of the time for the a) insertion process and b)
de-insertion process to calculate the diffusion coefficient. Where the signal becomes linear, the
linear regression tool allows the diffusion coefficient calculation. Insert: shows one example of
the linear fitting for the calculation of diffusion coefficient.
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Figure S4. 9: Phase Diagrams of Al-Sb binary systems. There is only one thermodynamic stable
phase AISb for this binary system. ]
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Figure S4. 10: Potential step experiment for Mg insertion from MACC/tetraglyme electrolyte
into Sb (~145 nmol cm™) modified Au electrode at 0 V and 0.1 V respectively. Insert: the first
80 s of insertion. (Surface area was 0.785 cm?)
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Figure S4. 11: Current transients of potential step experiment for Mg insertion from
MACC/tetraglyme electrolyte into Sb modified Au electrode at -0.10 V respectively. Different
insertion time from 20-600 s. Insert: the first 100 s of the insertion (Sb: ~218 nmol/cm?; surface

area: 0.785 cm?)
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Figure S4. 12: Plot of transient Charge versus t0.5 for mg insertion at different potentials (from

-0.05 V to 0.2 V) with the insertion time 10 min (solid line) and 5 min (Dash dot line). The
charges are calculated from the CVs in fig.4. (Sb: ~82 nmol/cm?; surface area: 0.785 cm?)
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Figure S4. 13: Plot of transient Q? vs. t for Mg a) insertion and b) de-insertion at different
potentials (0 V and 0.1 V) with the insertion time 10 min into Sb layers. (Sb: ~145 nmol/cm?;
surface area: 0.785 cm?)
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Figure S4. 14: Plot of transient Q? vs. t for Mg a) insertion and b) de-insertion at -0.1 V with
different insertion time from 30 s to 600 s into Sb layers. (Sb: ~218 nmol/cm?; surface area:

0.785 cm?)
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Table S4. 2: Dependence of Mg insertion/de-insertion integrated charges during the potential
step experiments on time of insertion and the corresponding coulombic efficiencies. (~218 nmol
cm™? Sb on Au)

t (s) | cath.Charge | anod. Charge | Eff. (%) | Ratio of Mg:Sb | D of Insertion
/(mC/em?) | (mC/em?) Insertion /(107 em?/s)
(corr. value) [de-insertion] [de-insertion]
20 | 17.6 17.1 97.4 0.36 5.67
(15.0) [0.41] [4.26]
30 | 21.7 214 98.9 0.46 5.83
(19.5) [0.51] [4.38]
60 | 32.8 31.5 96.0 0.67 7.58
(28.3) [0.75] [3.92]
120 | 38.6 36.7 94.9 0.71 7.12
(30.0) [0.87] [4.17]
300 | 49.2 43.2 87.8 0.73 6.43
(30.8) [1.03] [4.35]
600 | 80.4 66.9 83.2 0.75 7.75
(31.6) [1.59] [17.4]
20 | 18.7 17.7 92.5 0.41 5.92
(17.3) [0.42] [4.55]
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Figure S4. 15 Plot of the charge vs. squawroots of the time for the insertion process to calculate
the diffusion coefficient. Where the signal becomes linear, the linear regression tool allows the
diffusion coefficient calculation. (Sb: ~105 nm/cm?; surface area: 0.785 cm?)
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Figure S4. 16: XP spectra of the Sb 3d region for different Ar* etching times. Recorded with a
pass energy of 15 eV and a step width of 0.1 eV.

Figure S4.16 shows the Sb 3d region for the deposited Sb layer, after transfer for different Ar"
etch times. A total of 4 peaks can be observed. The doublet at 528.4 eV binding energy and
537.7 eV binding energy can be assigned to the elemental antimony !9, Each of these peaks
shows another one shifted to higher binding energies. Here an assignment of an antimony oxide
species can be made. The O 1s peak of the antimony oxide is not directly measurable because
it is hidden by the Sb 3d transitions. With the help of the Auger transition of oxygen from the
survey spectrum, however, the existence of oxygen on the electrode surface could thereby
verified. Furthermore the surface was etched with Ar' ions. The etching times are shown in
Figure S16. The combination of Ar" etching and XPS shows that the proportion of antimony
oxide to antimony decreases for longer etching times. However, we could not experimentally
observe a pure Sb(0) surface. There are several possible reasons for this: The short contact of
the electrochemically deposited antimony with the laboratory air is sufficient to partially
oxidize the antimony even in deeper atomic layers. On the other hand, it is also conceivable
that the deposited antimony surface has a high roughness, which means that the Ar" beam does
not hit and remove the entire surface. Different etching rates of the different species of the
surface are also conceivable. As a result, the elemental antimony, for example, could be

removed more quickly than the antimony oxide, resulting in a distorted depth profile.
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Finally, this measurement shows that the deposited antimony film is oxidized by contact with
air. This is especially relevant for thin antimony films. This finding is not surprising when the

different redox potentials of antimony and oxygen are considered.

—— 270 min Ar*
—— 180 min Ar*
—— 90 minAr*
—— 30minAr*
—— 1l0minAr*
2min Art
—— after transfer

counts / abitary unit

300.0 297.5 295.0 2925 290.0 287.5 285.0 2825 280.0
bindingenergy [ eV

Figure S4. 17: High resolution XP spectrum of the C 1s region for different Ar" etching times.
Recorded with a pass energy of 50 eV and a step width of 0.1 eV.

Figure S4.17 clearly shows that the detected carbon is a species on the electrode surface: During
the Ar+ etching process the signal is hardly detectable. In addition, the broadening of the signal
to Figure 15 clearly shows that the detected carbon is a species on the electrode surface: During
the Ar+ etching process the signal is hardly detectable. In addition, the broadening of the signal
to higher binding energies shows that the carbon present is oxidized in the first spectrum (after
the transfer). There is a shoulder particularly noticeable at 290 eV binding energy [®!. This
indicates a proportion of carbonates on the surface. In general, the oxidized state of the carbon
fits well with the observed binding energy of the Ols core level excitation. It is known that the
negative potentials and the reactivity of the inserted Mg can lead to side reactions at the
interface electrode/electrolyte. "1 811 This can lead to the accumulation of decomposition

products of the electrolyte on the electrode surface.
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— fit
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Figure S4. 18: XP spectra showing the deconvoluted Sb 3d O 1s region. The experimental data
is shown as circles. The different deconvoluted species are shown as hatched areas and the
resulting fit as a line. The different spectra are originated from different Ar+ etch times (see
image labeling).

In general, the antimony oxide could be reduced due to the negative potential in the subsequent
insertion experiment, or it could be reduced in a chemical pathway through the inserted Mg. A
precise mechanism is still unknown here. However, it can be emphasized that the insertion

material is elemental antimony and not antimony oxide.
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Chapter 5: Magnesium Deposition and Alloying with Sn on Au

Electrode

5.1 Introduction

As another intermetallic anode Mg-Sn-alloy has been investigated. A powdered Sn electrode
was used by Singh et al. as an anode for Mg-ion alloying/extraction. [l They found a high
capacity close to the theoretical value (903 mAh/g) and low voltage difference for Mg alloying
and extraction (+0.15 vs. 0.20 V), the capacity dropped to 200 mAh/g after 10 cycles at 0.05 C
rate. They attributed the low coulombic efficiency to the material pulverization after the severe
volume change. The development of a magnesium tin anode, which demonstrates reversible
Mg-alloying/de-alloying at 0.2 V vs. Mg, delivering discharge capacity of 270 mAh/g with
PhMgCl/THF at room temperature, was reported by Nguyen et al. ) Another study of an in situ
de-alloying of bulk Mg>Sn for the formation of high-performance Mg-Ion battery anodes was
investigated in A reversible capacity of 300 mAh/g was observed over 150 cycles at the rate
of C/5. However, the problem with the Mg>Sn intermetallic anode is the rate capability and
reversibility, which is probably due to the slow kinetics of the Mg?* in the structure of Mg>Sn
at room temperature.

Furthermore, the Sn-Sb system has been investigated by Parent et al. for Mg storage. ! A Sn-
Sb alloy has been used as a precursor for in situ formation of Sn nanoparticles. It has been
reported that the Mg atoms could replace the Sn atoms of Sn-Sb alloy during the first charge
and discharge (conditioning). Inherently, only the small Sn particles (<33+20) exhibit highly
reversible magnesiation after conditioning. The size of the Sn-nanostructure plays a big role,
only stable Sn morphologies < 40 nm are needed for the reversible Mg alloying/de-alloying
and fast kinetic. [

The phase diagram and the crystal structure of Mg>Sn are shown in Figure 5.1. There is only
one thermodynamic alloy stable intermetallic compound of the Mg-Sn system with a eutectic
point on the Mg-rich side in Mg—Sn alloy (Mg2Sn 63.1% Mg and 36.9% Sn). The cubic crystal
structure with the point group m3m and the unit cell contains eight Mg atoms and four Sn atoms.

The Mg atoms are located in the tetrahedron of the Sn atoms.
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Figure 5. 1: a) Phase diagram of Mg-Sn-system. [¥1 There is only one single binary phase Mg.Sn.
b) The crystal structure of Mg.Sn.

We study the alloying of Mg into multilayers of Sn using non-aqueous electrolytes by cyclic
voltammetry and eQCM techniques in this work (0.5 M MACC in tetraglyme). The cycling
reversibility of alloying/de-alloying of Mg with Sn and a DEMs measurement will be
demonstrated. The kinetics of the alloying/de-alloying will be studied by the potential step

experiment and the apparent diffusion coefficient of Mg in the Sn solid-state will be estimated.

5.2 Experimental
Chemicals, materials and electrolyte

All aqueous electrolytes were prepared by 18.2 MQ from Milli-Q water and de-aerated with
high purity argon gas for at least 15 min before use. Electrochemical measurements in 0.1 M
H>SO4 (Spectro pure grade) were conducted in a conventional three-electrode glass-cell. A Au
sheet of 1 cm? and RHE are used as a counter electrode and a reference electrode respectively.

The electrochemical deposition at an Au working electrode was done in 10 mM SnSO4

(99.999%, Aldrich) + 0.5 M H>SO4 electrolyte for Sn deposition;

A polycrystalline Au electrode and a Sn modified Au electrode were used as working electrodes
for Mg deposition and alloying measurements. Magnesium foil was then used as a counter
electrode and another one as a quasi-reference electrode. All the calcium electrochemical

deposition measurements were carried out in the MBraun glovebox (H2O < 0.5 ppm, O> <0.5

ppm).

Preparation of MACC

All chemicals were purchased from Sigma-Aldrich. The Tetraglyme was distilled over sodium
and stored over molecular sieves (3 A) until the water content reaches to an amount less than 5

ppm. The water content has been determined by Coulometric Karl Fischer titration (Mettler
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Toledo). MgCl, was heated overnight under vacuum at 290°C and then stored under thionyl
chloride for 1 week. At low pressure the thionyl chlorid was removed completely. All materials
were handled in an Argon filled glovebox. The MACC electrolyte was prepared by adding
tetraglyme (20.5ml) to MgCl> (0.966g). While stirring the AICI3 (1.368g) was then added
stepwise. The whole mixture was stirred overnight after addition of an equivalent (H>O: 63 ppm)
amount of MgH> to reduce the water content (to below 10 ppm after). For details see Hegemann

et al. [°

Cyclic Voltammogram (CV)

Electrochemical measurements in 0.5 M H>SO4 were carried out in a conventional three-
electrode glass H-cell consisting of three compartments for fixing the working electrode,
reference electrode, and counter electrode. The working electrode is placed in the central
compartment and contacted with a solution in a hanging meniscus configuration. The reference
electrode is placed in the compartment where it is connected to the central compartment with a
Luggin capillary. The counter electrode is placed in the compartment, separated from the central

compartment by a glass frit.

All electrochemical measurements were carried out using a potentiostat purchased from Pine
Instruments, Inc. (model AFBPC1) in combination with home-made LabVIEW program
(National Instruments GmbH, Munich, Germany) for recording the cyclic voltammograms

(CVs)

DEMS Experiments

The electrolytes were investigated by mass spectrometry using the classical DEMS cell in the
glovbox, in order to determine the decomposition products. The cell was already described
before in details by Bondue et al. A porous spotterd Au membrane was used as a working
electrode. A Mg wire was used as a counter electrode and a 1.0 M AgNOs solution in acetonitrile
as a quasi-reference electrode. The working electrode compartment was separated from the
counter electrode by a frit to avoid the diffusion of the products formed on the counter electrode

into the working electrode compartment.
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5.3 Results and discussion
5.3.1 Preparation of Sn modified Au electrode and eQCM characterization

The CV and eQCM measurements for the electrochemical deposition of Sn is shown in figure
5.2. With a concentration of 10 mM SnSO4in H>SO4 are two peaks (K; and K>) in the cathodic
direction for Sn deposition and three peaks (Ai, A2, and A3z) in anodic direction for Sn
dissolution are observed. The peak at potential -0.15 V vs. RHE describes the underpotential
deposition of Sn on the gold electrode. ) The second cathodic peak at -0.28 V vs. RHE
corresponds Sn bulk deposition, which is described by the following equation:

Sn?t +2e” o Sn (5.1)
A shoulder has also been found next to the A2, which belongs to a side oxidation process of
Sn®" to Sn*', as evidenced by charge involved without associated mass changes. The
equilibrium potential of Sn?>*/ Sn is -0.14 V and of Sn**/Sn*"is +0.15 V (vs. RHE). [l The broad
peak Az in the anodic sweep shows the dissolution of the Sn monolayer. The calculated charge
for Sn-deposition is about 52.89 mC and for Sn-dissolution is about 51.76 mC, which indicates
a coulombs efficiency of 97.86 %. The m.p.e. value was calculated to be 59.36 g/e-mol for the
deposition and 60.36 g/e-mol for the dissolution. (Table 5.1) This value agrees with the theoretic
value of 60 g/emol, since the molar mass for Sn is 120 g/mol and the deposition is a reaction

by two electrons transfer. So, the oxidation of Sn** to Sn*" does not play a big role.
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Figure 5. 2: CV and eQCM measurment for Sn-deposition in a 10 mM SnSQOas in 0.5 M H2SO4
solution in a three electrode set up. a) CV (black) and differential frequents (blue) versus
potential with 10 mV/s for Sn-deposition on an Au quartz electrode; b) Current (red) and
differential frequents (blue) versus time; ¢) m.p.e value versus potential in the range of -0.4 V
and -0.3 V, where the Sn bulk deposition occurs.

Table 5. 1: Charge, mass changes, frequency changes and m.p.e value correspond the figure 5.2
for the Sn deposition/dissolution.

Q (mCO) Af's (mHz) Am (ng) m.p.e (g/emol)
Kathodic
. 52.89 1.23 32,45 59,20
(deposition)
Anodic
51.76 1.22 32,38 60,36
(dissolution)

5.3.2 Mg deposition and alloying on Sn-modified Au-Electrode in MACC/TG

In Figure 5.3 the electrochemical alloying and deposition of Mg into Sn-modified electrode is
shown. The measurement started at 1.5 V vs. Mg in cathodic direction. At the potential below -
0.5 V vs. Mg the cathodic current increases significantly due to magnesium bulk deposition. In
the anodic sweep the current remains first negative between -0.6 V and 0 V because of the
continuous bulk deposition of magnesium. Positive of the equilibrium potential the magnesium
begins to be dissolved. (First anodic peak in figure 5.3) With a Sn modified electrode a cathodic
current in the form of a shoulder for the magnesium alloying was observed at 0.22 V vs. Mg
(which means 220 mV more positive than without Sn on the Au surface) The Mg insertion/de-
insertion exhibits a reversible cycling behavior and the coulombic efficiency remains stable at
98 % — 99 % during cycling. Although the reversibility is not 100 %, the high cycling stability
and the stable coulombic efficiency indicate that Sn is a good anode material for Mg batteries.
From the thermodynamic data of the Mg>Sn compound the theoretic potential for the formation
of Mg>Sn is calculated to be 0.19 V vs. Mg/Mg?" according to the following reaction equation:

Sn+2Mg +4e— — Mg Sn (5.2)
The cathodic peaks shift to a more positive potential, the anodic peaks shift to more negative
potential in the first few cycles and all peaks became stable at the end as shown in Figure 5.3,
which means the reversibility of Mg alloying/de-alloying increased. The positive shifts of the
potential which is needed for the magnesium alloying suggest that the magnesium is inserted
into the host lattice of Sn. The peak at 0.85 V vs. Mg in the anodic direction describes the de-

alloying magnesium. The coulombic efficiency of magnesium alloying/de-alloying is about
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95 %. (The charge was integrated from the plot of i1 vs. t: between 0.22 V and -0.45 V for the
alloying in the cathodic sweep and between 0.60 V and 1.4 V for the de-alloying in the anodic
sweep) The ratio between the inserted magnesium and the deposited Sn is 0.5, which
significantly less than the theoretic value of 2, which indicates 10 mV/s is a relative high sweep
and not long enough for the saturation of Mg alloying. During the sweep the time for Mg de-
alloying is limited, the alloyed magnesium atom could not be completely de-inserted. Otherwise,
the electrolyte is decomposed at the same time as the magnesium insertion, which consuming

the charge for calculation of the coulombic efficiency.

150

1007

i/ PAcm
o

-100

-1507

-1.0 -0.5 0.0 0.5 1.0 15
E (V vs. Mg)

Figure 5. 3: CV for electrochemical magnesium deposition and alloying ina 0.5 M MACC/TG
electrolytes in a three electrode cell with 10 mV/s. AE: Au; CE and RE: Mg. Insert: image of
the Sn modified Au electrode and the structure of the binary phase Mg2Sn.

In Figure 5.4 MSCVs for DEMS measurement of magnesium deposition and alloying into Sn
modified porous Au-electrode in 0.5 M MACC/TG are shown. The experiments for magnesium
alloying were investigated by various sweep rate (5 and 10 mV/s in Figure 5.4aand 1, 2, 5, and
10 mV/s in Figure 5.4b) The magnesium alloying with Sn started at 0.15 V vs. Mg with a
continuous increase of the current for 5 and 10 mV/s. We propose that the alloy compound of
Mg>Sn is formed. On the pure Au electrode no shoulder for the Mg alloying is observed. (Blue
curve in Fig 5.4a) In the MSCVs all the signals with m/z = 25, 26, 27 and 28 have the same
shape the ionic current increases at 0.7 V vs. Mg in cathodic direction, stay at a plateau at the
beginning of anodic sweep and decrease at 0.6 V vs. Mg at the end. It indicates that the ethylene
was formed during the whole magnesium alloying process, which is different with the alloying
on the Sb modified electrode. The ionic current increases at 0.75 V, where there is no faraday

current, we assume that it might be due to a small amount of water. It might be also due to that
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the magnesiation of tin underlined a multiphase mechanism involving the coexistence of c-
Mg>Sn, distorted Mg>sSn, and Mg-doped-Sn. ¥ Nguyen et al. have found also the
decomposition at a very low voltage in THF based- electrolyte for magnesium alloying with Sn

as a result of the XPS analysis revealed the interfacial relationship between Sn and PhMgCl. %!
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Figure 5. 4: a) MSCVs for DEMs measurement of magnesium deposition and alloying into Sn
modified Au-electrode in 0.5 M MACC/TG. Blue: Magnesium deposition on pure porous Au-
electrode with potentials from -0.2 V to 1.9 V. b) Magnesium alloying between -0.2 V and 1.1
V vs. Mg; RE and CE: Mg

Table 5.2 shows the comparison of the relative ratio for ethylene formation with NIST database.
The relative ratio from DEMS measurement (the intensity is from rose curve with 1 mV/s in
fig. 5.4b) and from the NIST database is good in agreement. It indicate that the ethylene is the
main decomposition product also during the Mg alloying with Sn, which is not observed in the

case of Mg alloying with Sb and Bi.

Table 5. 2: Comparison of Intensity for ethylene (rose curve) from DEMS measurement with
NIST database.

m/z 25 26 27 28 |29

C,H4 Intensity 7.63 | 36.27 | 38.09 | 60.75 | 0.9
Krel % 126 | 59.7 | 62.7 | 100 | 1.5

Irel CoHg from NIST | 12.0 | 62.9 | 324 | 100 |24
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In addition, the ethylene formation was also observed during the Mg dissolution on the pure Au
electrode without Sn. There, in the MSCVs the signals for m/z = 25, 26, 27, 28 and 29 were
recorded. It is assumed that the ethylene formation should be formed as a decomposition
product on the surface of Au electrode. After a few amount of the magnesium dissolute into the

solution the active place on the Au electrode is available for ethylene formation. [

5.3.3 Determination of diffusion coefficient of Mg into Sn adlayers
a) CV

The electrochemistry of alloy type electrodes of magnesium in a thin layer is complicated by
slow ion migration, charge transfer, and solid-state diffusion. At relatively high scan rates the

classical Randles-Sevchik equation is valid for semi-infinite diffusion ©-');
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Figure 5. 5: a) Cyclic voltammograms of Mg alloying with Sn modified Au electrode in 0.5 M
MACC/tetraglyme at different sweep rates from 1 to 100 mV s-1. b): Plot of ip (peak current)
vs.v1/2 (square root of scan rate). AE: Sn on Au; CE and RE: Mg. (~40 nmol cm-2 Sn on Au

and Surface area was 0.785 cm?2)
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In this present case (semi-infinite diffusion in the solid-state), the concentration of Mg ions at
the interface between the electrode and electrolyte is strongly potential dependent and the semi-
infinite diffusion is only valid for relatively high sweep rates. We assume that the concentration
of Mg at the surface will reach the maximal concentration (Cy) if the potential has been set to
the most negative potential for Mg alloying quite before the Mg bulk deposition.

A half-cell was assembled to investigate the electrochemical performance of the magnesium
alloying/de-alloying with a Sn anode and an Mg-metal counter electrode by variation of the
sweep rates. The Sn adlayers (7.72 mC/cm?) were freshly deposited which according to 40
nmol/cm?. The Cyclic voltammograms were obtained by scan rates from 1 to 100 mV/s between
-0.3 Vto 1.4 V vs. Mg at room temperature. (See Figure 7.5) The peaks current increased with
the increase of the sweep rates. Also, the difference between the corresponding anodic and
cathodic peaks increase and the anodic peaks shift to a more positive potential with sweep rate.
The anodic peak is higher and narrower than the corresponding cathodic peak. The height of
peaks current is approximately proportional to v’ at a relatedly high scan rate for both insertion
and de-insertion. The diffusions coefficient was calculated to be 1.2 x 10"* cm?/s for alloying
with an, = 0.5. (Here, the theoretical value for the concentration of Mg in Mg>Sn is 0.012
mol/cm® was used) We assumed here the concentration of Mg in the Sn adlayers at the surface

during the alloying/de-alloying processes is constant.

Table 5. 3: The charges for alloying/de-alloying of Sn, coulombic efficiency and the ratio
between alloyed Mg and deposited Sn at different potential sweep rates.

v Charge density Charge density Col. Eff. | Ratio of Mg:Sn of insertion
(mV/s) | (mC/cm?) (cath.) (mC/cm?) (anod.) (%) and (de-insertion)

100 1.62 1.61 99.2 0.31(0.31)

50 1.85 1.81 98.1 0.36 (0.35)

20 2.22 2.19 98.6 0.43 (0.42)

10 2.49 2.46 98.7 0.48 (0.47)

5 3.40 3.34 98.3 0.66 (0.65)

1 7.16 7.05 98.5 1.39 (1.37)

100 1.62 1.60 98.6 0.31(0.31)

The charges for alloying/de-alloying of Sn, coulombic efficiency, and the ratio between alloyed
Mg and deposited Sn at different potential sweep rates are shown in table 5.3. The charge
densities of allying/de-alloying increased with the decrease of the scan rates as expected. (A
control experiment at 100 mV/s recorded at the end of the experiment the CV measurements
gave an identical result as for the beginning.). Thus, there is no deactivation of the electrode

surface and no noticeable change in the Sb layer in the course of these cyclic voltammograms.
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The ratio between the faradaic charge of anodic (de-alloying) and cathodic (alloying) gives the
apparent coulombic efficiency. The coulombic efficiency remains stable at 98 % to 99 % which
shows the same results to the CV in Fig. 5.4. So, the rest 1 % - 2 % was probably consumed by
some side reactions such as hydrogen evolution. The ratio between the alloyed Mg and the
deposited Sn gives the values from 0.31 at 100 mV/s to 1.39 at 1 mV/s. The highest value with
1.39 of Mg-Sn shows that the time is not sufficient for saturation obviously diffusion is too slow.

(The scan rate of 1 mV/s is still too high)

b) Potential step

In potential step experiments, two different Sn layer thicknesses were investigated. Before each
step experiments, a CV for Mg-allying/de-allying including Mg bulk deposition and dissolution
was recorded. The potential was first held at 1.2 V vs. Mg (where de-insertion of Mg takes
place) in the MACC electrolyte. Afterwards, the potential was stepped to a negative potential
(0 V vs. Mg), at which magnesium could be inserted into the antimony layer, for different
periods (10 s — 600 s), then the potential was stepped back to 1.2 V for each step with the same
period of alloying where the extraction of magnesium takes place, The faradaic current does
not drop down to 0 after a time depending on the insertion period. We attribute this current to
some side reactions such as aluminium deposition. In figures Fig. 5.6. Fig. 5.7 the transients
during alloying and de-alloying for the various alloying and de-alloying times (10s to 600 s)

are shown.
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Figure 5. 6: the potential steps experiment for Mg alloying with Sn electrode out of a 0.5 M
MACC/TG electrolyte at 0 V vs. Mg from 10 s to 600 s respectively. Inset: the first 20 s of the
alloying. AE: Sn on Au; CE and RE: Mg. (~ 40 nmol cm™ Sn on Au and Surface area was
0.785 cm?)
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Figure 5. 7: the potential steps experiment for Mg alloying with Sn electrode out of a 0.5 M
MACC/TG electrolyte at 0 V vs. Mg from 10 s to 600 s respectively. Inset: the first 50 s of the
alloying. AE: Sn on Au; CE and RE: Mg. (~ 40 nmol cm™ Sn on Au and Surface area was
0.785 cm?)

It could be seen that the current for the alloying process drops directly after the double layer
charging for all the periods. According to the de-alloying process the current drop directly after
the double layer discharge until 30 s of the alloying. With more amount of the alloyed Mg
(longer time of the alloying) there is a new shoulder appears after the double layer discharge.
(From 60 s to 600 s of the alloying) For the longest time of the alloying with 600 s the current
stays nearly constant at the beginning of the de-alloying and decreases slightly afterwards,
indicating an initial kinetic rate limitation. The new appears shoulder may be due to the
contribution of a nucleation and growth process. Then the current drop fast could be described
by the Cottrell Equation and indicate a diffusion limitation.

The charge density for alloying and de-alloying of magnesium are summarized in table 5.4
together with coulombic efficiency and the ratio between the deposited Sn and the alloyed Mg.
For the calculation of the charge density, the current at ¢ = 600 s is subtracted for all step of
alloying because the current does not drop to 0 after 600 s but stays nearly constant. We attribute
this steady state current to the side reaction. For the de-alloying process, the current drops to 0
after 20 s for each step. As expected, the amount of alloyed Mg increases with the increase of
the alloying period. The Ratio of Mg: Sn was calculated from the corrected charge of the
alloying and from the charge of de-alloying which is shown in brackets. The ratio with the de-
alloying period of 600 s was estimated to be 2.25, which means the Mg in the Sn adlayers is
saturated only after 10 min and also indicates that a binary phase of Mg>Sn (Mg: Sn = 2:1) was
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formed during the alloying process.

Table 5. 4: Dependence of Mg alloying/de-alloying integrated charges (The steady states current
at t (10 min) was subtracted for alloying) during the potential step experiments, the
corresponding coulombic efficiencies, the ratio between Sn and Mg and the diffusion
coefficients. (~40 nmol cm™ Sn on Au and Surface area was 0.785 cm?)

Alloying Charge Charge Charge Ratio D (/10'13cm2/5) C\/ﬁ(/lo_g)

and de- | (mC/cm?) | (mC/ecm?) | (mC/cm?) | Mg:Sn alloying Alloying

alloying (cath.) (cath.) (anod.) alloying (de-alloying) (de-alloying)

time (corr.) (de-
alloying)

10 2.07 1.38 1.56 0.18 0.16 (0.07) | 1.52 (1.00)
(0.20)

20 3.38 2.76 2.83 0.36 0.21(0.34) | 1.74 (2.21)
(0.37)

30 4.38 3.46 3.98 0.45 0.31(0.49) |2.11 (2.66)
(0.52)

60 6.82 4.98 5.61 0.65 0.39 (1.40) |2.37(4.52)
(0.73)

120 10.85 7.18 7.27 0.93 0.51(3.24) | 2.71(6.83)
(0.94)

300 18.52 9.34 11.48 1.21 0.60 (2.63) | 2.94 (6.15)
(1.47)

600 28.48 9.97 17.38 1.29 0.85(5.06) | 3.50 (8.54)
(2.25)

A similar potential step experiment was performed for variation of the deposition potential from
-0.05 V to 0.2 V instead of deposition time with the same amount of deposited Sn-adlayer (~
40 nmol cm™) and a similar result was obtained. The transients with 5 min alloying and de-
alloying are shown in Figure 5.8 and Figure 5.9. This experiment was started at 0 V for alloying
and then the potential was stepped back to 1.2 V for de-alloying for ca. 300s. Afterwards the
potential for alloying was changed to a more positive potential with an increment of 0.05 V.
This process was repeated until the potential for alloying reach 0.2 V. Then, a control

experiment at 0 V was demonstrated followed by the potential for alloying at -0.05 V at the end.
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Figure 5. 8: a) the potential steps experiment for Mg alloying with Sn electrode out of a 0.5 M
MACC/TG electrolyte with a period of 300 s from -0.05 V to 0.2 V vs. Mg respectively. b): the
first 10 s of the alloying. AE: Sn on Au; CE and RE: Mg. (~ 40 nmol cm™ Sn on Au and Surface
area was 0.785 cm?)
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Figure 5. 9: a) the potential steps experiment for Mg de-alloying with Sn electrode out of a 0.5
M MACC/TG electrolyte at 1.2 V according to the alloying potentials from -0.05 V to 0.2 V
respectively. b): the first 20 s of the de-alloying. AE: Sn on Au; CE and RE: Mg. (~ 40 nmol
cm Sn on Au and Surface area was 0.785 cm?)

It can be seen that the current transients for alloying at 0 V and the corresponding de-allying
show similar results to the transients in fig. 5.6 and 5.7. (Green curve in fig. 5.8 and 5.9)
However, the current transients of the control experiment and the experiment at -0.05 V at the
end are quite different because of the insufficient de-alloying of Mg. (The time for de-alloying

was not enough long.)
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Table 5. 5: Dependence of Mg alloying/de-alloying integrated charges at different potential, the
corresponding coulombic efficiencies, the ratio between Sn and Mg, the diffusion coefficient
of Mg alloying and de-alloying with Sn (Here, the saturated concentration was used) and the
value of Cv/D during the potential step experiments. (~40 nmol cm Sh on Au and Surface area
was 0.785 cm?)

Potential | Charge Charge Charge Ratio of D cVD (/10'9)
(V  vs.| (mC/em?) | (mC/ecm?) | (mC/cm?) | Mg:Sn (/10-130m2/s) alloying
Mg) (cath.) (cath.) (anod.) alloying alloying (de-alloying)
(corr.) and (de-alloying)
(de-
alloying)
0.00 19.16 11.28 13.17 1.46 (1.71) | 1.02 (7.78) 3.83
300 s 300s 240 s (10.58)
0.05 15.12 8.87 9.33 1.15(1.20) | 0.77 (6.52) 3.33 (9.69)
300 s 300 s 158's
0.10 12.60 5.61 7.27 0.70 (0.94) | 0.58 (5.41) 2.89 (8.83)
300 s 300 s 300 s
0.15 10.87 3.76 5.16 0.49 (0.67) | 0.35(3.25) 2.24 (6.84)
300 s 300 s 285's
0.20 9.65 3.20 4.68 0.41 (0.61) | 0.14 (1.05) 1.42 (3.89)
300 s 300s 295s
-0.05 15.35 9.69 12.09 1.26 (1.56) | 0.85 (5.45) 3.50 (8.85)
230's 230's 250's
0.00 14.82 8.00 8.58 1.04 (1.11) | 1.13(3.31) 4.03 (6.90)
(control) | 300 s 300 s 300 s

This difference could be also seen if we compare the charge density of alloying and de-alloying.
The charge density for alloying and de-alloying of magnesium, and the ratio between the
alloyed Mg and the deposited Sn are summarized in table 5.5. The corrected value for charge
of alloying and the ratio of Mg: Sn for de-alloying are shown in brackets. The charge density
for the alloying -0.05 V (9.69 mC/cm?) and the control experiment at 0 V (8.00 mC/cm?) is
lower than the value of 0.00 V at the beginning (11.28 mC/cm?), different from expectations.
(Table 5.4) A similar change during the de-insertion is also observed. The charge density of the
de-alloying at 0.05 V is much lower than the value of the corresponding alloying.

However, the charge density of alloying at 0 V (11.28 mC/cm?) and the corresponding de-
alloying (13.17 mC/cm?), and the ratio of Mg: Sn (1.46 for alloying and 1.71 for de-alloying)
show similar values as the experiment with a variation of the alloying period (300 s). (See table
5.3 and 5.4) This indicated that also the high reversibility of Mg alloying with the Sn anode and
the formation of Mg>Sn during the alloying process.

D can then be calculated from the slope as shown in Fig.5.10 and 5.12 for alloying as well as
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in Fig. 5.11 and 5.13 for de-alloying where we plotted Q* vs t for a better comparison of the
time range of the linear range with the original transients in fig.5.6 and 5.8 for alloying as well
as in fig. 5.7 and 5.9 for de-alloying. The value of C+/D for both potential step experiments is
also shown in table 5.3 and table 5.4, where the values calculated from the de-alloying are
shown in brackets.

If we assume that the surface concentration of the Mg in the Sn adlayer at 0 V vs. Mg is equal
to the maximal concentration of 0.012 nmol/cm? of Mg in Mg,Sn, then the diffusion coefficient
was estimated to be 0.85x10'3 cm?s for alloying and 5.06x10'3 cm?s or de-alloying
corresponding to the original current transient in fig 5.6 and 5.7.(varying the time of alloying
10 s- 600 s) Also, the similar values of 1.02x10!* cm?/s and 7.78x1071* cm?/s were calculated
corresponding to the original current transient in fig 5.8 and 5.9. (Varying the potentials of
alloying) The estimated diffusion coefficient of Mg alloying and de-alloying with Sn at different
potentials (Here, the saturated concentration was used) and the value of CvVD are also
summarized in Table 5.5. So, the diffusion coefficient estimated from CV and from potential
step experiment are good in agreement. These values are one order higher than the diffusion of
Mg into the Sb and similar to Mg alloying with Bi, which also suggests the Sn and Bi anode
are better than the Sb as alternatives for the Mg batteries.
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Figure 5. 10: Plot of transient Q? vs. t for Mg alloying at 0 V with the variation of the period
from 10 s to 600 s into Sn layers. (Sn: ~40 nm/cm?; surface area: 0.785 cm?)
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Figure 5. 11: Plot of transient Q? vs. t for Mg de-alloying into Sn layers at 1.2 V with the
variation of the period for alloying at 0 V from 10 s to 600 s respectively. (Sn: ~40 nm/cm?;
surface area: 0.785 cm?)
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Figure 5. 12: Plot of transient Q? vs. t for Mg alloying at different potentials (from -0.05 V to

0.2 V) with the alloying time 5 min into Sn layers. (data from fig. 5.8) (Sn: ~40 nm/cm?; surface
area: 0.785 cm?)

123



Chapter 5: Magnesium Deposition and Alloying with Sn on Au Electrode

Q?/mC?

0 20 40 60 80 100

t/s

Figure 5. 13: Plot of transient Q*vs. t for Mg de-alloying with a Sn anode at 1.2 V corresponding
to the different alloying potentials respectively (from -0.05 V to 0.2 V). (data from fig. 5.9) (Sn:
~40 nm/cm?; surface area: 0.785 cm?)

5.4 Conclusions

The electrochemical deposition of tin on Au was investigated in 0.5 M H2SO4 containing 10
mM SnSOg4 by cyclic voltammetry. The investigation by EQCM gives an m.p.e value around
60, which agrees with the theoretical value. Magnesium deposition and alloying on Au and Sn
modified Au electrodes were investigated in 0.5 M MgCl, + 0.5 M AIClz in tetraglyme
electrolyte. Interestingly, at the Sn modified Au electrode, a cathodic peak starts at around 220
mV (vs. Mg/Mg®"), which is 220 mV more positive than the onset potential of bulk deposition
at the Au electrode. It is suggested that this pre-cathodic peak is related to the alloying of Mg
into Sn adlayers to form Mg>Sn alloy by the ratio of the amount of the alloyed Mg to that of the
deposited Sn calculated from the corresponding peak charge close to the theoretical value of
2:1 for Mg>Sn formation. A DEMS study has been demonstrated for the investigation of the
electrolyte stability. During the alloying process of Mg with Sn no ethylene formation was
observed in comparison with the Mg bulk deposition. High reversibility of Mg alloying/de-
alloying has been observed in cyclic voltammetry and potential step experiments. The MACC
is a complex system that during the alloying of Mg, the Al and CI could also diffuse into the

Sn-adlayers.

The kinetics of the Mg alloying/de-alloying was studied by the potential step experiment. From
the current transient, a diffusion-controlled process of alloying is suggested, which the Cottrell

Equation is valid. Furthermore, the diffusion coefficient of Mg into Sn multilayers was
124



Chapter 5: Magnesium Deposition and Alloying with Sn on Au Electrode

estimated from CV to be 1.20x10"* cm?/s for alloying, and potential step experiments to be
1.02x10713 ~ 7.78x1071* cm®s! respectively, which is one order of magnitude higher than the
value for Mg diffusion into Sb and Bi adlayer. However, because Mg deposition is limited by
the diffusion at the beginning and the Mg alloying changed the thickness by the expansion, the
diffusions coefficient is an apparent value. According to the faster diffusion, high coulombic
efficiency, high current density, and high reversibility the Sn anode is suggested to be a good

alternative anode material for the Mg battery.
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Chapter 6: Magnesium Deposition and Alloying with Bi on Au

Electrode

6.1 Introduction

In the past few years there has been a great deal of interest in electrodes with Bi as the anode
for the rechargeable batteries. Wang et al. reported on a Bi anode in combination with glyme-
based electrolyte (1.0 M NaPFs in diglyme) having a high Na storage performance.!! The
capacity of bulk Bi in 1.0 M NaPFg in diglyme achieved 400 mAh/g and still has 94.4 % of the
highest capacity after 2000 cycles. The size of the Bi particles with a diameter of 15-18 um was
studied by scanning electron microscope. The intermetallic compounds formed during
discharge were determined to be NaBi and Na3Bi.

Bi-nanotubes as an anode material for Mg alloying/de-alloying showed superior cycling
stability and rate performance in 0.1 M Mg(BH4)-1.5 M LiBHa-diglyme."* The high cyclability
upon Mg alloying/extraction was attributed to the effectiveness of Bi-nanotubes in resisting the
volume change. Benmayza et al. reported that the cell performance with Bi anodes for a
Magnesium ion battery achieved reversible capacities of over 300 mAh/g and high coulombic
efficiencies over 98%, if the cell was only cycled between 0.05 V to 0.5 V vs. Mg/Mg**. A
changed surface morphology was observed during the alloying of Mg with Bi, and the
amorphous layers of Bi reformed during the de-alloying process when the Mg ions diffuse into
the electrolyte, and remains after completion of de-alloying. ! Using electrodeposited Bi-CNT
composite materials as magnesium battery anodes in Mg(ClO4)2/MeCN electrolyte, a high
initial specific capacity of 180 mAh/g, dropped to 50 mAh/g after 3 cycles.”! Alloying/de-
alloying of Mg at electrochemically deposited Bi in Mg(TFSI)2/acetonitrile solution also has
been investigated. Tan et al. prepared a nanostructured Mg;Bi> anode material and reported a
high coulombic efficiency (99%), high reversible specific capacity (360 mAh/g) and high
stability for Mg electrolytes. (! Also, the transport properties of magnesium ions in two-phase

Mg3Bi»-Bi electrodes have been studied. 7!

A phase diagram of Mg-Bi-system is shown in Figure 6.1. There is only a single thermodynamic
stable binary phase of MgsBi. A transition of the a-MgsBi> to -MgiBi> occurs at the
temperature of 703 °C. The structure of Bi metal and Mg3Bi» are shown in Figure 6.2 a. In the
Bi structure, the Bi atoms are connected by three covalent bonds forming wavy layers. Together
with three additional bonds to atoms of the next layer, a 3 + 3 coordination for all atoms is

obtained. This results in a bilayers of atoms perpendicular to the rhombohedral direction.
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Between these layers the Mg ions could be inserted and then restructure to the binary phase
MgsBi». This is a Zintl-phase compound with formal charges of Mg?* and Bi*". The structure is
schematically shown in Figure 6.2 b. The crystal structure of Mg3Bi, has two incorporates
layers. One layer include tetrahedrally coordinated Mg** cations and octahedral interstitial sites
MgoBir> sheets. The second layer consists of octahedrally coordinated Mg?* cations and

tetrahedral interstitial sites. [%]

Weight Percent Bismuth
30 50 80 70 a0 90 05 100
T

erature °C

Temp

) ) 80 7 50 W 100
Mg Atomic Percent Bismuth Bi

Figure 6. 1: Phase diagram of Mg-Bi-system. There is only one single binary phase MgsBi..

Figure 6. 2: The crystal structure of a) Bi metal: the schematic diagram of hexagonal crystal
structure. The rhombohedral unit cell is shown within the crystal structure and the layers in the
unit cell (space group: R3m); b) MgsBiz binary phase. [°!

Lee also reported that, the Mg3Bi» is likely to be a semiconductor with relative low defect
formation energies and the Mg vacancies are likely to form in this material. The migration of
Mg has a lower migration barrier with 0.34 eV effecting from the spin-orbit coupling. [*!

Until now two studies of magnesium bulk deposition by scanning tunnelling microscope (STM)
were reported. The solution containing Grignard salts and Mg-Al-Cl-alkyl complexes for Mg

deposition was investigated by Aurbach et al. 1
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magnesium crystals were observed from the deposition in the Grignard salt solution. In the
solution containing Mg(AICl,BuEt), the deposited Mg is less regular and the crystals are
smaller. More recently the Mg Particles with a size of 10-30 nm and a height of 2 nm was
visible on the Au(111)-surface during the bulk deposition from 0.5 M MACC/TG electrolytes.
Afterwards, complete Mg dissolution was observed. [/

We describe the electrochemical deposition of Bi on Au electrode by cyclic voltammetry,
eQCM, and STM techniques. We then study the insertion of Mg into multilayers of Bi using
non-aqueous electrolyte (MACC and Mg(TFSI); in tetraglyme) by CV, DEMS, and EC-STM.
The apparent diffusion coefficient of Mg in the Bi solid state will be estimated and the cycling

reversibility of insertion/de-insertion will be demonstrated.

6.2 Experimental

Chemicals, materials and electrolyte

All aqueous electrolytes were prepared by 18.2 MQ from Milli-Q water and de-aerated with
high purity argon gas for at least 15 min before use. Electrochemical measurements in 0.1 M
H>SO4 (Spectro pure grade) were implemented in a conventional three-electrode glass-cell. An
Au sheet of 1 cm? and a RHE are used as a counter electrode and a reference electrode

respectively. The electrochemical deposition at an Au working electrode was done in 0.1 mM

Bi203 (99.999%, Aldrich) + 0.5 M H2SOs electrolyte for Bi deposition;

A polycrystalline Au electrode and a bismuth modified Au electrode were used as working
electrodes for Mg deposition and alloying measurements. Magnesium foil was then used as a
counter electrode and another one as a quasi-reference electrode. All the magnesium
electrochemical deposition measurements were carried out in the MBraun glovebox (H2O <0.5

ppm, O2 <0.5 ppm).
Preparation of MACC

All chemicals were purchased from Sigma-Aldrich. The Tetraglyme was distilled over sodium
and stored over molecular sieves (3 A) until the water content reaches attains less than 5 ppm.
The water content has been determined by Coulometric Karl Fischer titration (Mettler Toledo).
MgCl> was heated overnight under vacuum at 290°C and then stored under thionyl chloride for
1 week. At low pressure the thionyl chlorid was removed completely. All materials were
handled in an Argon filled glovebox. The MACC electrolyte was prepared by adding tetraglyme
(20.5ml) to MgClz (0.966g). While stirring the AICl; (1.368g) was then added stepwise. The
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whole mixture was stirred overnight after addition of an equivalent (H2O: 63 ppm measured
before the addition of MgH») amount of MgH> to reduce the water content (to below 10 ppm

measured after the addition of MgH>). For details see Hegemann et al. [?!

Cyclic Voltammogram (CV)

Electrochemical measurements of Bi deposition and Mg deposition and alloying were carried
out in a conventional three-electrode glass H-cell consisting of three compartments for fixing
the working electrode, reference electrode, and counter electrode. The working electrode is
placed in the central compartment and contacted with a solution in a hanging meniscus
configuration. The reference electrode is placed in the compartment where it is connected to
the central compartment with a Luggin capillary. The counter electrode is placed in the

compartment, separated from the central compartment by a glass frit.

All electrochemical measurements were carried out using a potentiostat purchased from Pine
Instruments, Inc. (model AFBPC1) in combination with home-made LabVIEW program
(National Instruments GmbH, Munich, Germany) for recording the cyclic voltammograms

(CVs)

Preparation of Au(111) single crystal electrode

The Au(111) single crystal electrode (Mateck, Germany) with a diameter of 10 mm was used
for the STM measurement. It was polished with roughness < 0.01 micron and orientation
accuracy < 0.4 deg. After annealing the electrode was cooled down in pure argon (Air Liquid,
99.999%) atmosphere. All aqueous electrolytes were prepared by Milli-Q water and de-aerated
with high purity argon gas for at least 15 min before use. Electrochemical measurements in 0.1
M H>SOq4 (Spectro pure grade) were carried out in a conventional three-electrode glass H-cell
consisting of three compartments. A large Au sheet (1x1 cm) was used as the counter electrode,
a reversible hydrogen electrode (RHE) prepared by electrolyzing 0.1 M H>SO4 electrolyte was

used as the reference electrode and the Au(111) was used as a working electrode.

EC-STM Measurement

All EC-STM measurements were performed with an Agilent PicoSPM and have been done in
the EC-STM cell as described before. An Ag and Au wire was used as a quasi-reference

electrode and a counter electrode, respectively. The reference electrode was immersed in a small
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compartment filled with the same electrolyte and separated from the main compartment by a
capillary. Pt/Ir (90:10) STM tips with a diameter of 0.25 cm were prepared by etching in a2 M
KOH + 4 M KSCN bath and coated with hot-melt glue. All the EC-STM measurements for Mg
alloying and deposition were done in the MBraun glovebox (H2O < 0.5 ppm, O2 < 0.5 ppm).

6.3 Results and discussion

6.3.1 Preparation of Bi modified Au electrode

In figure 6.3 the CV and the frequency for bismuth deposition in 0.1 M Bi203 in 0.5 M H2SO04
solution are shown. The peaks at 0.45 V vs. RHE in both cathodic and anodic direction belong
to the Bi-underpotential deposition. The bismuth bulk deposition starts at 0.25 V vs. RHE
followed by an increasing current with a peak at 0.13 V vs. RHE. In the anodic sweep the
bismuth dissolution gives rise to a peak at 0.4 V. The coulombic efficiency is nearly 99%. The
m.p.e value is 86.7 g/emol for deposition and 74.6 g/emol for dissolution. (Table 6.1) Bismuth
has a molar mass of 208.98 g/mol and during the deposition three electrons are exchanged:
Bi**+ 3¢ — Bi (6.1)
Thus the theoretical value is 69.7 g/emol.
For magnesium alloying/de-alloying the bismuth was first deposited on the Au electrode during
a potential hold of 15 min. Then the electrode was cleaned with Argon saturated water under
potential control in order to remove the residue from the electrolyte. After three times changing
of the water, the electrode was transferred into the glovebox under Argon atmosphere. Because
of the equilibrium potential of Bi**/Bi (0.3 V vs. RHE) contact of the electrode with water and

oxygen had to be avoided.
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Figure 6. 3: CV and eQCM measurment for Bi-deposition in a 0.1 M Bi203 in 0.5 M H>SO4
solution in a three electrode set up. a) CV (black) and frequency difference (blue) versus
potential with 10 mV/s for Bi-deposition on an Au quartz electrode; b) Current (red) and
frequency difference (blue) versus time; ¢) m.p.e value versus potential in the range of 0.05 V
to 0.2 V, where the Bi bulk deposition occurs.

Table 6. 1: Charge, mass changes, frequency changes and m.p.e value corresponding to the
figure 7.9 for the Bi deposition/dissolution.

Q (mC) dfs (Hz) dm (ng) m.p.e (g/emol)
cathodic 12.9 405.7 17.4 86.7
anodic 12.2 4143 11.6 74.6

A similar cyclic voltammogramm of Bi deposition on Au(111) in 1 mM Bi203 + 0.5 M H2SO4
electrolyte was obtained in the STM cell during the STM measurements as shown in Figure 6.4.
Similar behaviors are observed as in the H-cell. (The potential has to be converted to that versus
the reversible hydrogen electrode (RHE) using E (Pt/PtO) = 0.9 V vs. RHE.) The peak in the
anodic direction with a negative current and the charge of the peak at -0.5 V vs. Pt/PtO in the
cathodic direction are due to oxygen in the STM cell.

A freshly prepared Au(111) surface was employed for observing the bulk structure of Bi formed
on its surface. As seen in Figure 6.5, which shows the adlayer structures of Bi deposited on
Au(111) at -0.64 V vs. Pt/PtO for Bi-upd and at -0.76 V vs. Pt/PtO for Bi bulk deposition. The
Bi bulk deposition shows an interesting growth on the Au(111) surface. A needle Bi bulk
structure was observed along the step edges at the place with high step density. A height of 5
nm was determined by a ,,Local Plane Fit“. (Figure 6.6) The large height change at the bottom

of figure 6.6a is due to the artefacts.
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Figure 6. 4: Cyclic voltammogram of Bi deposition on Au(111) in 1 mM Bi203 + 0.5 M H2SO4
electrolyte in STM cell with sweep rate of 10 mV/s
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Figure 6. 5: STM images for Bi deposition in 1 mM Bi2O3 in 0.5 M H2SO4 on Au(111) surface.
(A): Bi-UPD at -0.64 V vs. Pt. (B) Bi-bulk deposition between -0.64 V and -0.76 V vs. Pt. Taken
from my master thesis.

a) b)
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Figure 6. 6: a) the height of the Bi bulk deposition determined using a “Local Plane Fit” for
background subtraction. The subtracted plane was shown with Blue Square in Figure 6.5b. b)
The cross section of the image a (green line). Taken from my master thesis.
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Figure 6. 7: STM images of bulk Bi on Au(111) in 0.5 M MACC/TG electrolyte after transfer
into the glovebox at OCP. (The Bi was deposited from 1 mM Bi>O3 in 0.5 M H2SO4 on Au(111)
surface prior to the transfer into the glovebox). (a): scan direction up; (b): scan direction down;
(c): the cross section on the image a (blue horizontal line). (d): the cross section on the image b
(green line).

Afterwards, the Bi-modified Au (~80 nmol/cm?, ~12 nm) electrode has been transferred to the
glovebox under inert atmosphere in order to check surface morphology by STM. Figure 6.7 a
and b shows the Bi bulk structure on Au(111) surface after transport to the glovebox in the 0.5
M MACC/TG at the OCP. It is seen that the surface structure of Bi remains as flat as in the
aqueous solution. (More details in my master thesis) The typical step height is about 2-5 nm.

6.3.2 Mg deposition and alloying on Bi-modified Au-Electrode in MACC/TG

The cyclic voltammogram of electrochemical deposition of bulk Bi at polycrystalline Au
electrode is shown in Figure 6.8. To form a thick layer of Bi on the Au electrode, the potential
was held at 0 V vs. RHE for 10 min during the cathodic going sweep. The number of moles of
Bi deposited at Au electrode was calculated to be ~203 nmol/cm? from the integrated charge
density of 46.9 mC/cm?. Afterwards, the Bi-modified Au electrode was transferred to the
glovebox under inert atmosphere where the electrochemical insertion of Mg from MACC

electrolyte is examined.
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Figure 6. 8: Cyclic voltammograms of polycrystalline Au in 1 mM Bi2O; + 0.5 M H2SOq4
electrolyte at the sweep rate of 10 mV/s. Inset: current data plotted as function of time.

The Figure 6.9 shows the electrochemical magnesiation of the Bi (red) and the magnesium
deposition on Au (black) with 1 mV/s. The magnesium bulk deposition occurs with 220 mV
overpotential by using an Mg reference electrode. (Black curve in fig. 6.9) In comparison with
the deposition on pure Au electrode the magnesium alloying process with Bi occurs already at
360 mV vs. Mg (360 mV positive) with the current increase in form of a shoulder. (Red in
Figure 6.9) In the anodic sweep two peaks for the de-alloying were observed. The Mg alloying
with Bi shows excellent reversibility in 0.5 M MACC/TG electrolyte and the current density is
higher than the Mg alloying with Sb, although the Sb and Bi have the same crystal structure
and similar chemical properties. A nearly 100 % of efficiency for Mg bulk deposition (131.3
mC/cm?)/dissolution (130.1 mC/cm?) and alloying (58.7 mC/cm?)/de-alloying (58.2 mC/cm?)
is achieved. (Integration from the plot of i vs. t: between 0.36 V and -0.20 V for the alloying in
the cathodic sweep and between 0.70 V and 1.6 V for the de-alloying in the anodic sweep) The
ratio between the deposited bismuth and the alloyed magnesium is calculated from the charge
to be 3:2. From the thermodynamic data of the formation of the Mg3Bi, alloy compound, 1!
the potential is calculated to be 260 mV vs. Mg, (phase diagram in Fig. 6.1) according to the
following reaction equation:

2Bi+3Mg+ 6e— — Mgs3Bi: (6.2)
Therefore, the experimental positive shift for the insertion of Mg into Bi adlayers is in
agreement with the theoretical expectation. After the saturation of the host-layers, bulk
deposition of Bi starts with the corresponding increase of the cathodic current. As opposed to
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bulk deposition on Au, bulk deposition on the Bi modified surface occurs without nucleation
overpotential. In the anodic going sweep, the bulk dissolution peak and the de-insertion peak
overlap each other (see red curve). Mg de-insertion takes place at a more positive potential

compared to that of bulk dissolution.
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Figure 6. 9: CV for electrochemical magnesium deposition and alloying on Bi in a 0.5 M
MACC/TG electrolytes in a three electrode cell with 1 mV/s. (Bi: ~203 nmol/cm?) AE: Au and
Bi modified Au; CE and RE: Mg.

A freshly deposited Bi layer (233 nmol/cm?) on a Au(111) single crystal electrode was first
prepared in an aqueous electrolyte and then transferred into the glove box for Mg deposition
and alloying. In Figure 6.10 an overview of the electrochemical deposition and alloying of Mg
with Bion the Au(111)- single electrode by EC-STM measurement is shown. The recorded CVs
show the same features as the CV in the glass H-cell. The current density of alloying/de-alloying
decrease after the EC-STM measurements, since this electrolyte is very sensitive to water and

oxygen in EC-STM cell. (dotted line in fig. 6.10)
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Figure 6. 10: CVs for electrochemical magnesium deposition and alloying on Bi ina 0.5 M
MACC/TG electrolytes in an EC-STM cell with 50 mV/s. (Bi: ~233 nmol/cm?) AE: Bi on
Au(111); CE: Mg; RE: Ag. The curves with different colors show the sequence and the potential
hold for recording the STM images in Fig. 6.11 - 6.13. Black: (1) -1.0 V (2) sweep to -2.5 V
back to -2.0 V (3) -1.0 V; Red: (1) -2.42 V (2) -2.93 (3) -1.8 V (4) -0.73 V; Blue: (1) -3.14 V
(2) -1.2 V (3) -0.5 V; Dotted line: recorded CVs afterwards.

The experiment starts first at OCP to check the Bi structure on Au(111) and the recorded STM
image is shown in Figure 6.11 a. The Bi particles with a diameter of around 100 nm and a height
of 40 nm were observed on the Au(111) electrode. A large smooth surface on the top of
mountains in the 3D images (fig. 6.11 a’) is clearly seen. Afterwards, the cell and the counter
electrode were switched on. After the new approach at -1.0 V, the STM images were recorded.
(Fig. 6.11 b) It is seen that the surface was getting rough, which might be due to the Al
deposition or some side reactions. Then the tip was retracted and the potential was swept to -
2.5 V (where the Mg alloying occurs) and then back to -2.0 V (where no current flows through
the cell). At this potential, the tip was approached to the surface again and the STM image was
recorded. The images ¢ and c' show clearly that the crystalline structure of Bi disappeared
during the Mg alloying process and the surface becomes rougher. The small mountains visible
in Fig. 6.11¢’, marked by red circles, are artefacts, possibly due to the contact of the tip with the
surface. Afterwards, the potential was swept back the -1.0 V (where the Mg de-alloying occurs)
with the tip still being approached the surface. (see fig. 6.11 d and d") The Bi crystalline structure
appears again during the Mg de-alloying process. At the left side in figure 6.11 d and d’ the
mountains (70 nm height) with a large smooth surface on top and at the right side the Bi layers

can be observed.
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Figure 6. 11: STM images of Mg alloying at Bi modified Au(111) surface in 0.5 M MACC/TG
electrolyte. (a) at open circuit potential of -0.5 V vs. Ag/AgCl, (b) potential hold at -1.0 V vs.
Ag/AgCI, (c) sweep to -2.5 V and back to -2.0 V, (d) sweep back to -1.0 V vs. Ag/AgCl. a’, b,
¢’, and d’ shows the corresponding 3D images, respectively. Sample bias of 50 mV, set point =
2 nA. Integral gain: 6 and proportional gain: 8. Arrows indicate scan direction.

Afterwards, th e tip potential was fixed at -1.5 V for the further measurements. A image with
small surface area (zoom in) from Figure 6.11 d was first recorded and is shown Figure 6.12 a.

The potential was cycled between -3.0 V and -0.7 V with the potential held at -2.4 V (Mg
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alloying), -3.0 V (Mg bulk deposition), and -0.7 V (Mg dissolution and de-alloying) for
recording the STM images. (Figure 6.12) The surface roughness is observed again due to the
Mg alloying and the probably Al co-deposition comparing the STM images at —2.4 V (6.12 b
and b’) with the images at -1.0 V (6.12 a and a"). The spikes marked with blue square in Figure
b’ are due to the disturbing tip.

85.71 nm

71.13 nm
71.13 nm

0.00 nm
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Figure 6. 12: STM images of Mg bulk deposition at Bi modified Au(111) surface in 0.5 M
MACC/TG electrolyte. (a) zoom in at -1.0 V, (b) potential hold at -2.4 V, (c) and (d) potential
hold -3.0 V, (e) and (f) potential hold at -0.7 V, a', b’, ¢, d’, ¢’ and f' show the corresponding
3D images, respectively. Tip potential = -1.5 V, set point = 6 nA. Integral gain: 8 and
proportional gain: 9. Arrows indicate scan direction.

Afterwards, the potential was held at -3.0 V in order to check the deposited bulk Mg morphology.
(Figure 6.12 c and d) A large amount of the particle-like Mg and a few flaky structures of Mg
were observed on the Au(111) surface. Further deposition of magnesium on its larger particles
are formed at the same position marked in several blue squares as seen in Fig. 6.12 ¢ and d. The
magnesium dissolution process is shown in Fig. 6.12 e and f. Mg particles almost completely
dissolve at -0.7 V and the surface changes back to be smooth. (The red marked squares in Figure
e’ and f" are artefacts caused by the tip) The STM images in Figure 6.14 a and b show Mg bulk
deposition again, when the potential was directly swept to -3.0 V without a hold at -2.4 V. The
images show a different position as the images in Figure 6.13 a and b. Large Mg particles with
a diameter of 50 nm and a height of 30 nm can be observed during the bulk deposition. The Mg
dissolution and de-alloying is shown in Figure 6.13 ¢, which is similar to the Fig. 6.12 e and f.
But the huge crystalline Bi structure does not remain as it is seen at the beginning of the EC-

STM measurements. The size of the Mg particles is larger than the Mg bulk deposition on pure
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Au(111) electrode without Bi [? and the shape of the particles is also different. (Figure 6.13 d)

74.40 nm

73.73 nm

Figure 6. 13: STM images of Mg bulk deposition and dissolution at Bi modified Au(111)
surface in 0.5 M MACC/TG electrolyte. (a) and (b) potential hold -3.0 V, (c) potential hold at
-0.5V, (d) Mg bulk deposition at pure Au(111) surface in 0.5 M MACC/TG electrolyte (taken
from [2). a’ and b’ show the corresponding 3D images, respectively. Tip potential = -1.5 V
Sample bias of 50 mV, set point = 6 nA. Integral gain: 8 and proportional gain: 9. Arrows
indicate scan direction.
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Figure 6. 14: CVs and MSCVs for DEMs measurement of magnesium deposition and alloying
into Bi modified Au-electrode in 0.5 M MACC/TG with 10 mV/s. a): magnesium bulk
deposition and alloying with potentials from -1.0 V to 1.7 V; b): only magnesium alloying
between -0.3 V and 1.25 V vs. Mg. RE and CE: Mg. The red square shows the MS-signals for
the formation of ethylene.
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A DEMS measurement for investigation of the magnesium alloying/de-alloying on Bi modified
electrode is shown in Figure 6.15. In order to check the influence of Bi on the decomposition
of the electrolyte the CVs and MSCVs for magnesium deposition on Bi modified Au (Figure
6.15 a) and for only magnesium alloying with Bi (6.15 b) were recorded. It is seen that the
ethylene is only formed during the magnesium bulk dissolution after the potential opening to -
1.0 V vs. Mg. During the alloying/de-alloying of Mg with Bi no ethylene formation was
observed which indicates that the electrolyte is stable within the alloying/de-alloying process
between -0.3 Vto 1.2 V vs. Mg/Mg*". However, so far it cannot be excluded that the maximum

current density during dissolution also plays a role.

Ethylene formation had also been observed during the Mg dissolution from a pure Au electrode.
There, in the MSCVs the signals for m/z =25, 26, 27, 28 and 29 were recorded. It was assumed
that ethylene formation is formed as a decomposition product on the surface of Au electrode:
After some of the magnesium is dissolved into solution, some Mg-free the active sites on the

Au electrode are available for ethylene formation. [!
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6.3.3 Determination of diffusion coefficient of Mg into Bi adlayers out of MACC in TG

a) CV

From cyclic voltammetry, we can estimate the diffusion coefficient from the change of peak
current with varying sweep rates with the Randles-Sevcik equation (for irreversible system and
semi-infinite diffusion)

i, =2.99 % 105n,/an,AC,DZ;v°5 (6.3)
where, Cy is the concentration of Mg (theoretically, 0.035 mol cm™ since the density of Mg3Bi2
alloy is 5.67 g/cm?®) in the solid state. Thus for diffusion controlled processes, I, should depend
linearly on v/v. [l Figure 6.16 a shows the cyclic voltammograms of a Bi modified Au electrode
(~114 nmol/cm? Bi on Au) in MACC/tetraglyme at different sweep rates from 5 to 50 mV s’ in
the potential range of -0.3 to 1.2 V vs. Mg. A separation between the alloying and de-alloying
peaks (AE) of around = 0.25 V for the onset potential was observed, which is lower than the
separation between the alloying and de-alloying with Sb (0.30 V). This indicates that the
alloying/de-alloying of Mg with Bi is highly reversible and fast. It was reported that, the Mg
alloying with Bi nanoparticles exhibited also a high cycling stability (more than 200 cycles). [*!
An almost linear relationship between the Mg insertion and de-insertion peak currents and
square root of sweep rate was obtained as shown in the inset of Fig. 6.16 b. Since the boundary
conditions for of the Randles-Sevcik equation are not valid for dissolution, the diffusion
coefficient is calculated from the deposition peak only. From the slopes of 9.1 mA V-2 s'2 for
alloying, we calculate a diffusion coefficient of 5.4x10'* cm? s! for Mg alloying with an, =

0.5.

Table 6. 2: The charges for magnesation/demagnesation of Bi, coulombic efficiency and the
ratio between alloyed Mg and deposited Bi at different potential sweep rates.

v (mV/s) | Charge density of | Charge density of | Col. Eff. (%) Ratio Mg:Bi
alloying (mC/cm?) de-alloying alloying

(mC/cm?) (de-alloying)

50 12.25 7.11 74 0.56 (0.32)

20 17.32 13.86 80 0.79 (0.63)

10 22.73 19.77 87 1.04 (0.90)

5 26.96 24.53 91 1.23 (1.12)
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Figure 6. 15: a) Cyclic voltammograms of Mg alloying with Bi modified Au electrode in 0.5 M

MACC/tetraglyme at different sweep rates from 5 to 50 mV s™'. b): Plot of i, (peaks current) vs.

12
v (square root of scan rate). AE: Bi on Au; CE and RE: Mg. (~114 nmol cm™ Bi on Au and

Surface area was 0.785 cmz))

The charges for magnesation/demagnesation of Bi, coulombic efficiency and the ratio between
alloyed Mg and deposited Bi at different potential sweep rates are shown in table 6.2. The ratio
between the faradaic charge of anodic (de-alloying) and cathodic (alloying) gives the apparent
coulombic efficiency. The coulombic efficiency was increasing from 74 % to 91 % with a
decrease of the sweep rates from 50 mV/s to 5 mV/s. Saturation is not achieved even for 5 mV/s,

as indicated by the Mg:Bi ratio.
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b) Potential steps

In the following experiments, the amount of deposited Bi on Au polycrystalline is about 114
nmol/cm?. The potential was first held at 1.0 V (where de-insertion of Mg takes place) in 0.5 M
MACC/TG electrolyte for 10 min. Afterwards, the potential was stepped to several alloying
potentials (from 0 to 0.3 V vs. Mg), at which magnesium could be alloyed with the Bi layer, for
5 mins. Then the potential was stepped back to 1.0 V for 5 mins where the extraction of

magnesium takes place.
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Figure 6. 16: the potential steps experiment for 5 min Mg alloying Bi bulk electrode out of a
0.5 M MACC/TG electrolyte from 0 V to 0.3 V respectively. Inset: the residual current of 20
A after 5 min alloying. AE: Bi on Au; CE and RE: Mg. (~114 nmol/cm? Bi on Au and Surface
area was 0.785 cm?)

In Figure 6.17 the potential steps experiment for 5 min and 20 min Mg alloying Bi bulk
electrode out of a 0.5 M MACC/TG electrolyte from 0 V to 0.2 V respectively. In the beginning,
the current increased slightly for a very short time. This reductive currents at short times
indicate an initial nucleation, charge transfer, and diffusion controlled process. The slight
current increase is due to a nucleation and growth process for the building up of the Mg3;Bi2
phase. In this short time, the concentration of Mg ions increased in the Bi layers at the surface,
until the maximal concentration (Co) of Mg in the new binary phase Mg3Bi» was achieved. Then
the current drops faster, which could be used for estimating the diffusion coefficient D with the
Cottrell equation. The faradaic current didn’t drops down to 0. (20 pA after 5 min insertion and

10 pA after 20 min insertion). We attributed this constant current to the Al co deposition in the
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MACC electrolyte. In Figure 6.18 the potential steps experiment for Mg de-alloying electrode
out of Bi bulk in 0.5 M MACC/TG electrolyte from 0 V to 0.3 V respectively are shown. In the
beginning, the current increased slightly and then stayed constant at short time. This reductive
currents at short times indicate an initial nucleation, charge transfer, and diffusion controlled

process.
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Figure 6. 17: Potential steps experiment for Mg de-alloying out of Bi bulk electrode in a 0.5 M
MACC/TG electrolyte from 0 V to 0.3 V respectively. Inset: the current after 5 min (10 pA)
and 20 min. The current drop to 0 after 20 min de-alloying. AE: Bi on Au; CE and RE: Mg.
(~114 nmol cm™ Bi on Au and surface area was 0.785 cm?)
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Figure 6. 18 Tafel plot of the overpotential versus the limited current for each jump potential.

From the linear fitting the Tafel slop is determined to be 377 mV/decade, this value is higher
than the usual value for kinetically controlled charge transfer, which is 120 mV/decade.
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Table 6. 3: Dependence of Mg insertion/de-insertion integrated charges during the potential
step experiments on potential of insertion, the corresponding coulombic efficiencies, the ratio
between Bi and Mg and the diffusions coefficient. (~114 nmol cm Bi on Au) (A correction of
the cathodic charge density has been used for the alloying process. The current density at t = 20
min was subtracted. For de-alloying process the 0 line was used for integration)

Potential | Charge density Charge density Charge density | Ratio of Mg:Bi
(Vvs.Mg) | (mC/em?) (mC/cm?) (mC/cm?) alloying (corr.)
(alloying 5 min) (alloying 5 min corr.) | (de-alloying) (de-alloying)
0 26.51 20.93 20.83 1.21 (1.21)
0.1 23.88 19.52 19.92 1.13 (1.15)
0.2 22.40 18.34 19.37 1.06 (1.12)
0.3 18.77 14.72 15.51 0.87 (0.92)
0 27.22 22.27 19.46 1.29 (1.13)
(control)
0(20 44.92 28.25 22.41 1.64 (1.27)
min)

A plot of the potential versus the logarithm of the initial current is shown in Fig. 6.19. The value
of Tafel slope is 377 mV/decade (this value is similar to the value of Mg alloying with Sb),
much higher than the typical value of 120 mV/decade for one-electron transfer. This value of
Tafel slope is equivalent to 0.32 electron transfer, which means that formally the Mg ion with
1.6 positive charged diffuse at the beginning of the alloying and appear only shortly at the
interface on the Sb layers. So, the value of an, can be corrected to be 0.17, which should be
used instead of 0.5 for the calculation of the diffusions coefficient in the Randles-Sevcik

equation. With an, = 0.17 the diffusion coefficient was calculated to be 1.6x10!* cm?/s.

The charge density of bismuth magnesation/demagnesation, the ratio between the deposited Bi
and the inserted Mg are summarized in in table 6.3. The charge density for both alloying and
de-alloying increased with decreasing the alloying potentials for alloying, as expected. The
charge density for 20 min (44.92 mC/cm?) alloying without correction are much higher than for
5 min (28.25 mC/cm?). The steady state current (~10 pA assumed for side reaction) at t = 20
min of Mg alloying at 0 V vs. has been subtracted for the each step of the Ca alloying process,
which are also shown in the table 6.3. After the correction the ratio of Mg:Bi was estimated to
be 1.64 at 0 V for 20 min. This value is higher than theoretical value of Mg;Bi.. We assumed

that the Al co-deposition takes place during the alloying and the Mg bulk deposition since the
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reference electrode of Mg is instable. For the alloying at 0 V a ratio of 1.21 (Mg:Bi) instead of
1.5 (theoretical value of Mg3Bi») was observed, which indicated that the saturation is not
achieved. This is different from the Mg alloying with Sb at 0 V, there the saturation was
achieved. The reason is that the thermodynamic potential of Mg3Bi> is 360 mV vs. Mg, which
is more near to the 0 V than the thermodynamic potential of Mg3Sb, (550 mV vs. Mg). Thus, a

longer period is needed to achieve the saturation in the case of Mg alloying with Bi than Sb.

The value of D can also be calculated from the linear slope of Q? vs. t as shown in Fig. 6.20 for
alloying and Fig. 6.21 for de-alloying with the integrated Cottrell equation, here for the Co we
used the saturations concentration for the calculation of the diffusions coefficient.

__ (2zFACy)*D ¢
T

QZ

The estimated diffusion coefficients of alloying and de-alloying, and the value of CD%? from

(6.4)

potential step experiments are summarized in table 6.4.
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Figure 6. 19: Plot of transient Charge (Q? vs. t) for Mg alloying at different potentials (from 0
V to 0.3 V) with the time 5 min into Bi layers. The slope of linear area is used for calculation
of the diffusions coefficient at 0 V. (Bi: ~114 nm/cm?; surface area: 0.785 cm?)
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Figure 6. 20: Plot of transient Charge (Q?vs. t) for Mg de-alloying at 1.0 V vs. Mg corroding
to the different potentials of alloying (from 0 V to 0.3 V) with the time 5 min out of Bi layers.
The slope of linear area is used for calculation of the diffusions coefficient at 0 V. (Bi: ~114
nm/cm?; surface area: 0.785 cm?

The calculated diffusion coefficient from potential step experiments shows a value of 1.25 x 10

13 2

cm?/s for alloying and 1.36 x 103 ¢cm? s™! for de-alloying at 0 V, when the saturated
concentration of Mg in Bi is reached. From CV, the diffusion coefficient of Mg insertion into
Bi multilayers was estimated to be 5.4 X 10~1* cm?/s with an, = 0.5 and 1.6 X 10713 cm?%/s
with the experimental value for an, = 0.17. These values are in good agreement. This value
is higher than the estimated value from GITT measurements. '3 They are one order of
magnitude higher than the value obtained for the diffusion of Mg ions into Sb layers, indicating

that the Mg ions diffuse faster in the Bi anode.

The pathway of Mg ions within the Bi structure has been studied by Matsui et al. using bond
valence sum (BVS) mapping.['¥ The Mg?* ion at the tetrahedral site migrate prefer to the next
tetrahedral site. This results is in agreement with the DFT calculation model for Mg?". B It was
also suggested that the Mg?" ion migrated in Bi faster than Sb, which indicated a high mobility
of Mg?" in the Mg3Bi> phase. ) The migration barrier of Mg®" ions in the Mg3Bi> phase was
calculated to be 0.30 eV. ") The estimated diffusion coefficient of Mg?* ions in the Mg3Bi> in
this work is higher than the value in Mg;Sb; layers since the migration barrier of the Mg?* ions
in the Mg3Sb: is higher. All the results in literature and in this work on the electrochemical
properties of Bi as a negative electrode suggest a good performance for rechargeable

magnesium batteries.
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Table 6. 4: The estimated diffusion coefficient of alloying and de-alloying, and the value of
C2D from potential step experiments

Potential for alloying | D alloying (/10-3cm?/s) D de-alloying (/1073 CV/D alloying
(V vs. Mg) (Co was used for all cm?/s) (Co was used for (de-alloying) (/10°%)
steps) all steps)

0 1.25 1.36 1.24 (1.29)

0.1 0.82 1.24 0.10 (1.23)

0.2 0.69 1.27 0.92 (1.25)

0.3 0.33 1.18 0.64 (1.20)

0 (control) 1.08 1.23 1.15(1.23)

6.3.4 Mg deposition and alloying on Bi-modified Au-Electrode in Mg(TFSI)2/TG

In this study the possibility of magnesium alloying with Bi from Mg(TFSI) based electrolytes
was tested. (Figure 6.22) It revealed that the alloying/de-alloying process of Mg with Bi exhibit
coulombic efficiency of 40 % in case of 50 pV/s. (Coulombic efficiency of 20 % for Mg bulk
deposition and dissolution) With adding small amount of Mg(BH4) the efficiency increases to
60 % and the current density is 0.165 mA/cm? instead of 0.065 mA/cm? without Mg(BH4). A
small amount of Mg(BH4)> adding to the electrolyte can probably remove the trace water.
However the efficiency and the current density in both case of Sb and Bi do not achieve the
expected value for reachable magnesium batteries. The poor performance of Mg(TFSI)

electrolytes could be due to the instability of the anion and the tetraglyme itself.
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5001 -204 \ . 26938 pC
-600 128343 uC -40 15711 uC
-700 — 11— . . . . . . .
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Figure 6. 21: CVs for electrochemical magnesium alloying and deposition. a): 0.5 M Mg(TFSI):
in TG on Bi (black) and on pure Au (blue) with 1 mV/s; b): 0.5 M Mg(TFSI)2 in TG on Bi with
1 mV/s (black ), 50 uV/s (red) and on pure Au (blue) with 1 mV/s; c) 0.5 M Mg(TFSI)2 + 6
mM Mg(BHa)2 in TG on Bi. Black arrows show the direction of the scan and red arrows show
peaks area related to the charge. CE and RE: Mg.

6.4 Conclusions

The electrochemical deposition of antimony on Au was first achieved in 0.5 M H2SO4
containing 1 mM Bi20; by cyclic voltammetry. Magnesium deposition/dissolution on Au and
Bi modified Au electrodes were investigated in 1.5 M MACC/TG electrolyte. At the Bi
modified Au electrode, a pre-cathodic peak started at around 360 mV (vs. Mg/Mg?"), which is
360 mV more positive than the onset potential of bulk deposition at the Au electrode. It is
suggested that this pre-cathodic peak is related to the alloying of Mg with Bi adlayers to form
MgsBi; alloy. The ratio of the amount of the alloyed Mg to that of the deposited Bi calculated
from the corresponding peak charge is close to the theoretical value of 3:2 for Mg3Bi, formation.
A DEMS study has demonstrated the electrolyte stability. During the alloying process of Mg
with Bi no ethylene formation was observed as opposed to the case of the Mg bulk deposition.
High coulombic efficiencies, high cyclic stability, and high reversibility of Mg alloying/de-
alloying with a Bi modified electrode have been observed in cyclic voltammetry and potential
step experiments.

As observed by STM in MACC/tetraglyme electrolyte, the Bi bulk structure is similar to that
in the aqueous solution. The Mg alloying and bulk deposition (big particles) were observed and
almost all of these deposits could be dissolved reversibly. After the Mg alloying and bulk
deposition the surface of the electrode was smoother and the crystalline structure of Bi does not
remain as observed at the beginning.

Furthermore, the kinetics was investigated by potential steps experiments. It has been found

that the alloying process was first determined by the nucleation, charge transfer, and diffusion
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of Mg ions. The diffusion coefficient of Mg in Bi multilayers was estimated from CV and
potential step experiments to be 1-2x10713 cm?s™! respectively, which is higher than for the Mg
alloying with Sb in the previous chapter. It shows a high Mg?* mobility in Mg3Bi> phase. This
value is two orders of magnitude lower than the value for Li* ions from our work.

The investigation of magnesium deposition and alloying with Bi in Mg(TFSI), based electrolyte
exhibit low coulombic efficiency of 20 % for Mg deposition/dissolution and 40 % for Mg
alloying/de-alloying. This value increased to 60 % with addition small amount of Mg(BHa4)..
The BH4 ion is a relatively strong reducing agent, which enhances the electrochemical
performance of the magnesium deposition and alloying process. The current density is about
0.165 mA/cm? for de-alloying peaks current. These findings demonstrated that the Mg(BH4),

could be compatible with magnesium alloy type anode.
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Chapter 7: Calcium Deposition and Alloying with Sb on Au

Electrode

7.1 Introduction

One of the most difficult challenges for the development of rechargeable calcium batteries is
the anode. The anode materials together with the electrolytes are theoretically limited due to
the low voltage and low energy density. The interfaces between the electrolytes and electrodes
play a special role in reversible calcium plating and stripping. Alloys were suggested to
alternative anode materials to Ca metal anode because they have a high specific capacity and
low overpotential. (') A DFT study of CaxM has suggested the selection of the alloy-type anode
materials considering the alloying voltage, volume expansion, and specific capacity. The metals
such as Si, Sb, Bi, Al, Pt, Pb, and so on were predicted to be promising inexpensive anode
candidates. [

Calcium intercalation into graphite was first demonstrated by G. Srinivas et al., as graphite has
been widely used as the anode for lithium-ion batteries. There, a high temperature hydrogenated
calcium-graphite intercalation compound was investigate. It was found that only decomposition
of CaCe took place and the hydrogenation of CaCsreveals a degradation of its superconducting
properties. [2'The crystal structure of CaCy is rhombohedral and belongs to the R3m space group.
311n 2016 Ponrouch et al. have reported that the electrochemical de-alloying of CaSiz is possible
out of 0.45 M Ca(BF4), in PC/EC at moderate temperatures (100 °C). [ However, the Ca(PFs).
salt is known to be quite unstable. The DFT calculations indicated that the de-alloying of CaSi»
should be observed at different voltages for different Si phases. The main particle size of CaSi
decreased from 7.3 to 2.6 um after oxidation.

A calcium-antimony (Ca-Sb) alloy as the positive electrode in a CallSb liquid metal battery was
investigated by Ouchi. [*! The OCP of the Ca-Sb electrode was tested to be around 1.1 V vs. Ca.
Both alloying and de-alloying of Ca with Sb took place at a potential between 0.95 V and 0.75
V vs. Ca. The cell could be cycled with high coulombic efficiency (near 100 %). This
experiment also suggested that Sb could be an alternative electrode for the rechargeable calcium
batteries.

According to literature, Ca,Sb, CasSbs, Cai1Sbio, and CaSb, were considered for the Ca-Sb
binary system. [®) Reversible Ca deposition were observed only in Ca(BH4)/THF and
Ca[B(hfip)4]2/DME electrolytes. -1 1 In this work we study the alloying of Ca into thin layers
of Sb on polycrystalline Au using non-aqueous electrolyte (1.5 M Ca(BH4)2 in THF) at room
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temperature. The cycling reversibility of alloying/de-alloying will be demonstrated. During the
discharge, the formation of CaSb. occurs, and the Sb structure will be then formed again during

the charging process.

7.2 Experimental

Chemicals, materials and electrolyte

All aqueous electrolytes were prepared by 18.2 MQ from Milli-Q water and de-aerated with
high purity argon gas for at least 15 min before use. Electrochemical measurements in 0.1 M
H>SO4 (Spectro pure grade) were implemented in a conventional three-electrode glass cell. Au
sheet 1 cm? and RHE are used as a counter electrode and a reference electrode respectively. The
electrochemical deposition at an Au working electrode was done in 0.25 mM Sb203(99.999%,
Aldrich) + 0.5 M H2SO4 electrolyte for Sb deposition;

A polycrystalline Au electrode and an antimony modified Au electrode were used as working
electrodes for Mg deposition and alloying measurements. Magnesium foil was then used as a
counter electrode and another one as a quasi-reference electrode. All the calcium
electrochemical deposition measurements were carried out in the MBraun glovebox (H20 < 0.5

ppm, O2 < 0.5 ppm).

Preparation of 1.5 M Ca(BH4)2 in THF

Calcium borohydride bis (tetrahydrofuran) (Ca(BH4)2:2THF) was purchased from Sigma-
Aldrich. Extra dry tetrahydrofuran (THF, <5 ppm) was produced from the inorganic institute
at the University of Bonn and stored several days over molecular sieves (44, Aldrich). The
calcium metal (purity 99.99 %) was achieved from the project partner ZSW Ulm. The salt was
first dissolved in THF overnight and a clear solution was obtained. (10 ppm) The preparation
of the solution was made and all materials were stored in the MBraun glovebox (H.O < 0.5

ppm, Oz < 0.5 ppm).

Cyclic Voltammogram (CV)

Electrochemical measurements for Sb deposition on Au electrode and the Ca deposition
including alloying were carried out in a conventional three-electrode glass H-cell consisting of
three compartments for fixing the working electrode, reference electrode, and counter electrode.
The working electrode is placed in the central compartment and contacted with a solution in a

hanging meniscus configuration. The reference electrode is placed in the compartment where it
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is connected to the central compartment with a Luggin capillary. The counter electrode is placed
in the compartment, separated from the central compartment by a glass frit.

All electrochemical measurements were carried out using a potentiostat purchased from Pine
Instruments, Inc. (model AFBPC1) in combination with home-made LabVIEW program
(National Instruments GmbH, Munich, Germany) for recording the cyclic voltammograms

(CVs)

7.3 Results and Discussion

7.3.1 Ca deposition and alloying on Sb-modified Au-Electrode in Ca(BH4): in THF
Electrolyte

Sb was first freshly deposited on Au electrode and then transferred to the glovebox under inert
atmosphere where the electrochemical alloying of Ca was started. (Modification of Au by Sb
as described in previous chapter 4) Fig. 7.1 shows the comparison of electrochemical deposition
and stripping behavior of Ca at a bare gold electrode and Sb-modified gold electrode in 1.5 M
Ca(BHa4)2 in THF. A stable CV of the calcium deposition starts on the bare poly-crystalline Au
electrode has been shown in Fig 7.1 a. The calcium bulk deposition started at about -0.2 V vs.
Ca/Ca?" in the cathodic sweep, and in the anodic direction, a bread peak for calcium dissolution
starts at -0.05 V vs. Ca/Ca*". (Fig. 7.1 a) The coulombic efficiency, which was calculated from
the charge of the dissolution divided by the charge of deposition to be 97%. (The initial
coulombic efficiency was 81 % in the first cycle Fig. 7.1 a) This value is higher than the
literature value of 94.8 %. [ The missing coulombic efficiency is probably due to the formation
of a small amount of CaHz, which might act as SEI allowing the high reversible calcium
deposition and dissolution. ! This coulombic efficiency is high, but still is not sufficient for
use in a rechargeable battery.

The calcium deposition and dissolution at the Sb-modified gold electrode is shown in Fig 7.1
b. The black curve shows the first cycle of Ca alloying with Sb and the Ca bulk deposition, It
is seen that there is a larger overpotential for Ca bulk deposition in the first cycle (similar as the
first cycle without Sb shown as red curve in Figure 7.1a) than it in the stable CV (black curve
in Fig 7.1a). In the cathodic direction the current was increasing slightly at 1.0 V vs. Ca/Ca*",
giving rise to a shoulder which we attribute this to the alloying of Ca into the Sb-adlayer and

formation of the binary phase of CaSb;, according to the following equation:

2Sb + Ca?t + 2e~ — CaSh, (7.1)
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Figure 7. 1: Cyclic voltammograms of Ca deposition/dissolution at bare Au-electrode (a) and
Sb modified Au-electrode (b) in 1.5 M Ca(BHa4)2/THF at the sweep rate of 10 mV s*. Ca
alloying/de-alloying at Sb modified electrode in the potential range of -0.5 V to 2.0 V vs.
Ca/Ca?*. Red curve in a shows the first cycle of Ca deposition. Red and blue curve in b show
the different cathodic potential limits. (~286 nmol cm™ Sh on Au and Surface area was 0.785
cm?)

From the thermodynamic data for CaSb; alloy formation JAG = —225000 + 89.7T the
calculated potential for CaSb; alloy formation at room temperature is ~ 1.05 V (vs. Ca).
(E(CazSb)=0.54 V; E(CasSb3)=0.64 V; E(Cai1Sb10)=0.97 V) The experimental positive shift for
the onset alloying of Ca with Sb adlayers is 1.0 V. Therefore, the experimental positive shift in
the potential of Ca deposition during the alloying of Ca into Sb adlayers is in agreement with

the theoretical value. In the case of the Ca plating and stripping on the pure Au electrode the
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shoulder for the alloying formation was not observed. (Figure 7.1 a) In the anodic sweep a broad
peak appeared in the potential range between 1.0 V and 2.0 V, we attributed this to the de-
alloying of CaSby, and the Sb substrate formed again.
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Figure 7. 2: a) Ca—Sb phase diagram. (% and b) the crystal structure of CaSb,. The CaSb; has a

monoclinic structure belonging to the group P2i/m. The density of CaSb; is 5.41 g/cm?. ['%

After the saturation of the host layers, bulk deposition of Ca starts with the corresponding
increase of the cathodic current, and bulk dissolution occurred at 0 V in the anodic direction.
The coulombic efficiency of bulk deposition and dissolution in Fig 7.1 b was calculated to be
83 %, which is the same as the first cycle without Sb ad-layers. As opposed to bulk deposition
on Au, the alloying process with Sb modified surface achieved 93 % reversibility even in the
first cycle. (14.2 mC/cm? of the anodic peak at 1.2 V for de-alloying and 15.3 mC/cm? of the
cathodic peak at 0.5 V for alloying in Fig 7.1b blue curve)

The amount of the deposited Sb and the inserted Ca in Sb (from the charge of the cathodic peak
at 0.5 V) was calculated to be 286 nmol/cm? and 90 nmol/cm? (blue curve in Fig. 7.1b) and 180
nmol/cm? (red curve in Fig 7.1b) respectively according to the corresponding peak in the cyclic
voltammograms. The ratio between the amount of the inserted Ca to the deposited Sb is thus

0.28 for blue curve and 0.5 for red curve (Ca:Sb). The theoretical value is 0.5 of Ca:Sb. However,
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the coulombic efficiency of Ca alloying/de-alloying for the red curve in Fig. 7.1b is only 56.7 %,
which could be result from the side reactions at the more negative potential between -0.05 V
and 0.25 V vs. Ca. Therefore, the results from the blue curve in Fig. 7.1 b is more reliable. The
CaSb> binary phase is the first thermodynamic stable compound in the Ca-Sb system. (See the
phase diagram and the crystal structure in Fig 7.2) [®]
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Figure 7. 3: Galvanostatic experiments of Calcium alloying and de-alloying with Sb modified
Au electrode out of 1.5 M Ca(BH4)2/THF electrolyte. The applied current for each curve are
shown in the figure. (~148 nmol cm™ Sb on Au and Surface area was 0.785 cm?)

Figure 7.3 shows similar results of galvanostatic experiments for calcium deposition in the same
electrolyte comparing with the recorded CVs. The current (from 10 pA to 50 pA) was first
applied with a negative value for Ca alloying and then with a positive value for Ca de-alloying.
The Ca alloying starts at around 0.9 V and then give the shoulder until ~ -0.2 V for the Ca bulk
deposition. With the positive applied current, the bulk dissolution takes place and then the Ca
de-alloying occurs at about 1.3 V. The cut off potential is 2.2 V, because the Sb is slowly
dissolved into the electrolyte above 2.2 V. The ratio of Ca: Sb was calculated to be 0.45 (Cao9
Sby) with 10 pA, which is similar to the theoretical value of 0.5 (CaSb»)

These curves clearly show that the amount of achievable Ca alloying strongly depends on the
current used. These curves also show that the currents in the CV are too high to achieve
saturation. This effect is even clearer for de-alloying, which is another explanation for the low
efficiency in the CVs of fig. 7.1b. It is also obvious that none of the others phases like Ca,Sb
mentioned above is formed because alloying is too slow. However, the sharper decrease of the
potential at Q: 4 mC/cm? during alloying might indicate that this phase is formed at the surface.

But diffusion of Ca into the bulk 1s too slow.
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7.3.2 Determination of diffusion coefficient of Ca into Sb adlayers
a) CV

Figure 7.4 shows the cyclic voltammetry of calcium insertion into Sb adlayers with different
sweep rates from 1 to 50 mV/s in the potential range between 0.23 V and 2.2 V vs. Ca. In this
potential range, only calcium alloying takes place. (No calcium bulk deposition, comparing
with Fig. 7.1b) The Sb layer was first freshly deposited on the Au polycrystalline. The amount
of Sb was about 140 nmol/cm? (~40 mC). This experiment was starting at 50 mV/s, followed
by lower sweep rates, and finally with a control experiment with 50 mV/s. The first experiment
with 50 mV/s and the control experiment at the end show an identical form. Similar CVs for
different sweep rates were observed. In the cathodic direction, the calcium alloying started at
about 1.0 V vs. Ca for all sweep rates. The peak potential shifts to more positive values with
decreasing sweep rates. This indicates that the calcium alloying into Sb adlayers is a kinetic
(charge transfer) and diffusion-controlled process. In the anodic direction, the peak of calcium
de-alloying is at 1.7 V vs. Ca at 50 mV/s and then shifted to less positive potential 1.5 V vs. Ca.
The separation between the cathodic and anodic potentials indicates that the calcium ions

diffuse slowly in the Sb adlayers.
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Figure 7. 4: Cyclic voltammograms of Ca alloying with Sb modified Au electrode in 1.5 M
Ca(BHa)2/THF at different sweep rates from 1 to 50 mV s*. Insert: Plot of i (peaks current) vs.
v2 (square root of scan rate). AE: Sb on Au; CE and RE: Ca. (~140 nmol cm Sh on Au and
Surface area was 0.785 cm?)
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We can simply estimate the diffusion coefficient from the change of peak current with varying
sweep rates assuming simple solid state diffusion as rate limiting using the Randles-Sevcik

equation (for an irreversible system and semi-infinite diffusion) according to eq. (7.1) ['!};

I, = 2.99 x 10°n,/an,AC,Dy5v°5 (7.2)
Co the saturation concentration of Ca in CaSb and drops to zero within the Sb layer (semi-
infinite diffusion condition). From the slope in the insert of fig 7.4, we estimate a diffusion
coefficient of 3.4x107'* cm? s! with an, = 0.5 for Ca alloying.
The charges for Ca alloying and de-alloying, coulombic efficiency, and the ratio between
alloyed Ca and deposited Sb at different potential sweep rates are shown in table 7.1. The ratio
between the faradaic charge of anodic (de-alloying) and cathodic (alloying) gives the apparent
coulombic efficiency. The amount of inserted calcium increases with decreasing the sweep rate
(increasing the time of insertion). The apparent coulombic efficiency increases also with the
time (92.5 % at the beginning and around 96 % at the end). We assume that the missing 6 % is
due to the side reactions, such as decomposition of the solvent molecule, B and BH3 co-
deposition, and the electrolyte decomposition because of the low stability and high reactivity
of the BH4 ion. The integrated charges of Ca alloying and de-alloying for 50 mV/s at the first
step are similar to the control experiment at the end, which shows no change in the profile and
no deactivation of the electrode surface. The ratio between the inserted Ca and the deposited Sb
shows values from 0.22 to 0.48 for de-alloying and from 0.20 to 0.46 for de-alloying (the
theoretical value is about 0.5 of CaSh,).

Table 7. 1: The charges Ca alloying and de-alloying with Sh, coulombic efficient and the ratio
between alloyed Ca and deposited Sb at different potential sweep rates.

v Charge density Charge density Col. Eff. | Ratio Ca:Sb alloying
(mV/s) (mC/cm?) (cath.) (mC/cm?) (anod.) (%) (de-alloying)
50 5.94 5.50 92.5 0.22 (0.20)
20 7.94 7.49 94.3 0.29 (0.27)
10 9.02 8.47 93.9 0.33 (0.31)
5 11.84 11.25 95.1 0.44 (0.42)
1 13.08 12.57 95.9 0.48 (0.46)
50 6.11 5.82 95.2 0.23 (0.22)

b) Potential steps

In potential step experiments, the potential was first held at 1.8 V (where de-alloying of Ca with
Sb takes place) in 1.5 M Ca(BHa4)>/THF electrolyte. The amount of deposited Sb on Au

polycrystalline is about 140 nmol/cm?. Afterwards, the potential was stepped to several alloying
162



Chapter 7: Calcium Deposition and Alloying with Sb on Au Electrode

potentials (from 0 to 0. 8 V vs. Ca), at which calcium could be inserted into the Sb layer, for 1,
2, and 5 min. Then the potential was stepped back to 1.8 V, where the extraction of calcium
takes place. In Figure 7.5 the potential step experiment of Ca alloying with Sb for 1, 2, and 5
mins out of a 1.5 M Ca(BH4)2/THF electrolyte from 0 V to 0.8 V with an increment of 0.2 V
respectively are shown. Directly after the double-layer charging, the current drops nearly
linearly for the first 5 s of the 5 min alloying cf. black solid line in Fig. 7.5 and then decreases
more slowly until the current reaches zero. These current profiles for Ca alloying with Sb are
different from those for Mg alloying with Sb. There, the current was first slightly increasing
and then stayed constant at the beginning in case of the Mg alloying with Sb.

i /mA.cm?

---- 1 min

0 5 10 15 20 25 30
t/s

Figure 7. 5: Potential step experiment for Ca insertion from 1.5 Ca(BH4)2/THF electrolyte into
Sb modified Au electrode at different potentials for 1, 2, and 5 min: The potential of insertion
are from 0 V to 0.8 V vs. Ca with an increment of 0.2 V. AE: Sb on Au: CE and RE: Ca. (~140
nmol cm Sh on Au and Surface area was 0.785 cm?)

Figure 7.6 shows the recorded current transients for Ca de-alloying with different de-alloying
times. The current transients show different shapes than those during Ca alloying. The current
decreases first slowly after the double layer charging (for example the first 3 s of the red curve
in fig. 7.6) and then decreases fast. Thus, the de-alloying of Ca with Sb is controlled by both
charge transfer and diffusion.

The charges for alloying and de-alloying of calcium, the ratio between the alloyed Ca and the
deposited Sb, and the calculated diffusion coefficient are summarized in table 7.2. The
integrated charges of Ca alloying and de-alloying increase with the decrease of the alloying
potential (Increase of the alloying time) as respected. The ratio between the alloyed Ca and the
deposited Sb is about 0.42 for alloying at 0 V vs. Ca of 5 min. The theoretical value is 0.5 in
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the case of CaSb» binary phase. The experimental value is a little less than the theoretical value
because the alloying is very slow and the alloying time is not enough in comparison with the
ratio (0.48) with 1 mV/s which was shown in Fig. 7.3 and Tab. 7.1. However, this value also
indicated that the phase CaSb» could be formed during the alloying with Sb and the Sb layers
will be reformed during the de-alloying. The coulombic efficiencies were calculated to be 91.5

% and 98.2 %, which are similar to the efficiencies estimated by CVs (95 %) in Fig. 7.3.

1.8

The de-alloying at 1.8 V
The colors shows the potential of alloying

1.6—- } a
1.4 :
12
1.0—.

0.8 4

i /mA.cm?

0.6 1
0.4+

0.2 4

0.0+

10 15

Figure 7. 6: Potential step experiment for Ca de-alloying from 1.5 Ca(BHa)2/THF electrolyte
into Sb modified Au electrode at 1.8 V vs. Ca. AE: Sb on Au: CE and RE: Ca. (~140 nmol cm”
2 Sb on Au and Surface area was 0.785 cm?)

Here, we attribute the linear relationship between the current and the square root of time at the
beginning for Ca alloying to a kinetic and diffusion controlled process, which could be

explained by the following equation:

i=i 2.\t (7.3)

LT T LrcovmvD
Where 1 is the current density, i-r is the charge transfer current which is determined by the
kinetic; F is faraday's constant; z is the electron transfer number; C, is the saturated

concentration of Ca in CaSbg; t is the time; D is the diffusion coefficient of Ca.
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Figure 7. 7: Plot of transient current density (i vs.v/t) for Ca alloying at different potentials
(from 0 V to 0.8 V vs. Ca) with the time of 5 min into Sb layers. The charge transfer current
density could be got from the extrapolation of the linear fitting with the axis. (Sb: ~140 nm/cm?;
surface area: 0.785 cm?)

Table 7. 2: Dependence of Ca alloying/de-alloying integrated charges during the potential step
experiments on potential of insertion, the corresponding coulombic efficiencies, the ratio
between Ca and Sb , the estimated diffusion coefficient and the value of CvD.(~140 nmol cm™
Sb on Au and Surface area was 0.785 cm?) The experiment has been done first at all potentials
from 0.8 V to 0 V for 1 min alloying and de-alloying and then at all potentials from 0.8 V to 0
V for 2 min alloying/de-alloying and finally at all potentials from 0.8 V to 0 V for 5 min
alloying/de-alloying.

Potential Charge density (mC/cm?) Ratio of Ca:Sb for' alloying D (cm?/s) (/10° C\/E(/lO_g)
(V vs. ) . and (de-alloying) 13
Ca) alloying (de-alloying)
(calculated
with Co)
Imin | 2min | 5 min Imin | 2min | 5Smin | Average of 3 | Average of
different 3 different
times times
0.8 0.76 0.82 2.95 0.03 0.04 0.11 0.15 2.35
0.66) | (0.77) | (2.77) | (0.03) | (0.04) | (0.10)
0.6 2.11 2.65 4.87 0.08 0.10 0.18 0.33 3.51
(1.98) | (2.42) | (4.55) | (0.08) | (0.09) | (0.17)
0.4 4.21 4.97 7.13 0.16 0.18 0.26 0.54 4.42
(3.94) | (4.56) | (6.81) | (0.15) | (0.17) | (0.25)
0.2 5.57 6.37 9.24 0.21 0.24 0.34 0.95 5.86
(5.47) | (5.88) | (8.55) | (0.20) | (0.23) | (0.33)
0 7.26 8.13 11.4 0.27 0.30 0.42 1.30 6.85
(6.81) | (7.44) | (10.9) | (0.25) | (0.28) | (0.40)
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We can estimate the diffusion coefficient from the slope of the linear part of the curve if we plot
the current density versus the square root of time. Figure 7.7 shows the plot of current density
versus the square root of time. The current drops linearly after the double-layer charge until the
diffusion layer of the Ca ions reaches the limit thickness of the Sb-adlayers. At this time (about
4 s in Fig. 7.7) the shape of the current transient changes, which is different from the current
transient within an infinite diffusion layer. There, the current drops linearly with v/t before
becoming more flat due to pure diffusion limitation. Thus, the diffusion coefficient should be
estimated before the changing of the current. The slope for calculation of the diffusion
coefficient at 0 V is also shown in Figure 7.7 b. The charge transfer current density could be

estimated by extrapolation of the linear fitting.

0.8 4 u

0.6

0.4 1 n

Evs.Cal/V

0.2 1 J

0.0+ n

—
-12 -10 -08 -06 -04 -02 0.0 0.2
Ig 1/ mA

Figure 7. 8: Tafel plot of the overpotential versus the limited current for each jump potential.

In Figure 7.8 the Tafel plot of the overpotential versus the limited current is shown for each
jump potential. From the linear fitting, the Tafel slop could be determined to be 352 mV/disc,
this value is higher than the usual value for kinetically controlled charge transfer, which is
120mV/div. Certainly also the potential dependence of the equilibrium alloy composition plays
a big role. This value of Tafel slope is equivalent to 0.34 electron transfer, which means that the
Mg ion with 1.6 positive charges is transferred in the layers (together with counter ions) before
the alloying and appear only shortly at the interface on the Sb layers. So, the value of an, can
be corrected to be 0.162, which should be used instead of 0.5 for the calculation of the diffusions
coefficient in the Randles-Sevcik equation. With an, = 0.17 the diffusion coefficient was
calculated to be 1.0x107!3 cm?/s. Thus, the diffusion coefficient estimated from the CVs and the

potential experiment is comparable.
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c) PITT-Measurement (Potentiostatic Intermittent Titration Technique)

The experiment starts by recording the OCP of this system. Then, a step composed of 30 s pulse
at the potential 0.8 V vs. Ca (where the insertion of Ca takes place), followed by 30 s of
relaxation with the cell switched off is applied. Afterwards, a negative potential increment of -
0.1 V vs. Ca is applied on the previous potential, and the current signal is recorded for 30 s,
followed by 30 s of relaxation time. The same potential increment is consecutively applied,
starting from the voltage resulting from the previous step and the signal is recorded for 30 s.
The potential pulses are applied until the lower limit of 0 V vs. Ca is reached, where bulk
deposition of Ca starts. Each potential pulse is followed by 30 s of relaxation time. Afterwards,
from 1.0 V vs. Ca positive potential increments of 0.1 V are consecutively applied to the voltage
resulting from the previous step, and the signal is also recorded for 30 s. The potential pulses
are repeated until the upper limit of 1.8 V is reached. Each potential pulse is followed by 30 s

of relaxation time.
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Figure 7. 9: Potentials and relative current Curve from the PITT-measurement to determine the
diffusions coefficient of Ca-alloying and de-alloying with the Sbh-adlayers. Potential from 0.8
V to 0 V vs. Ca for the alloying and from 1.0 V to 1.8 V for the de-alloying. (Sb: 310 nmol/cm?;
surface area: 0.785 cm?)

During the negative potential pulses, Ca-ions are alloyed with the Sb-modified negative
electrode. The reverse occurs during the positive discharging potential pulses, where the Ca-
ions are de-alloyed from the negative electrode, and the corresponding current is recorded (Fig.

7.10). During each relaxation period, the cell is switched off. Then, at the beginning of each
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potential pulse, a peak in the current signal is observed. Afterward, the value of the current

signal decreases in an exponential like fashion.

The sum of charge density for each step of Ca alloying and de-alloying from PITT and the ratio
between Ca and Sb are summarized in Table 7.4. The charge density of each step for alloying
and de-alloying increased. The sum charge density for Ca alloying is 32.6 mC/cm? and the ratio
of Ca:Sb is 0.54, which indicated the formation of CaSb, phase during the alloying process.
However, the charge density of each step and the sum charge density for Ca de-alloying is much
less than Ca alloying. The ratio of Ca:Sb is only 0.22 for Ca de-alloying, which is also much
less than the theoretical value of 0.5. (CaSby»). It is assumed that during the relaxation there is
always a residual current. It means that the alloyed Ca ions is de-alloyed during the relaxation.
Nevertheless, the diffusion coefficient from the Ca alloying by the PITT experiment can be
determined. We plot also here Q? vs t for estimating the diffusion coefficient (Figure 7.11 b),
since the current do not drop linearly in the plot of i vs t*°. (Figure 7.11 a) Obviously, there is
no kinetic charge transfer limitation. The reason is that de-alloying is done at a very positive
potential, where the charge transfer rate is very fast. The values of the diffusion coefficients by

each step are also summarized in Table 7.4.

Table 7. 3: Dependence of Ca alloying/de-alloying integrated additive charges during the PITT
experiments, the ratio between Ca and Sb, the estimated diffusion coefficient and the value of

cv/D (~310 nmol cm Sb on Au and Surface area was 0.785 cm?)

Ca alloying Ca de-alloying
Potentials | Charge | Ratio | D (/10 | C\/D(10°) | Potentials | Charge density | Ratio
(Vvs.Ca) | density | Ca:Sb | cm?s) (V vs. Ca) | (sum )(mC/cm?) | Ca:Sb
(sum)
(mC/cm?)
0.8 2.16 0.03 0.12 0.66 1.0 2.29 0.04
0.7 3.82 0.06 0.28 1.00 1.1 2.93 0.05
0.6 5.73 0.10 1.12 2.01 1.2 3.95 0.07
0.5 8.02 0.13 1.87 2.60 1.3 5.35 0.09
0.4 10.7 0.18 2.09 2.75 1.4 7.26 0.12
0.3 13.9 0.23 3.86 3.73 1.5 9.68 0.16
0.2 18.0 0.30 5.25 4.35 1.6 11.2 0.19
0.1 23.9 0.39 6.03 4.67 1.7 12.2 0.20
0 32.6 0.54 8.69 5.60 1.8 13.0 0.22
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Figure 7. 10: a) Plot of the i vs. t%° and b) Plot of Q? vs t for the Ca alloying process to calculate
the diffusion coefficient. Where the signal becomes linear, the linear regression tool allows the
diffusion coefficient calculation. In this figure only an example is shown for calculation of the
diffusion coefficient by 0 V vs. Ca. (~310 nmol cm™ Sb on Au and Surface area was 0.785
cm?)

The diffusion coefficient determined from variation of the sweep rates from 50 to 1 mV/s of
CVs were estimated to be 3.4 x 10'* cm? s™! with an, = 0.5 and 1.0 x 10* cm? s an, =
0.17 for alloying in the Sb modified electrode. Assuming the concentration of calcium in the
antimony layers from the experiment with different jump potentials from 0 V to 0.8 V, the

calculated diffusion coefficient is from 3.93 x 10'* to 1.3 x 103 ¢cm? s! . The diffusion
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coefficients estimated by PITT method show the values of 0.12 x 10'* to 8.69 x 10'* cm? s™!.

The values of diffusion coefficient from PITT are similar as the estimated value from PITT
measurements for Mg diffusion into porous Sb electrode in MACC/TG electrolyte and lower
than the calculated value from CVs results. This discrepancy in the diffusion coefficient values
may be due to the difference in the time of relaxation of Ca into electrodeposited Sb. In the
cyclic voltammetry, the relaxation time after the insertion is not enough to get a stable profile
with homogenous distribution of Ca in the whole layers of Sb. Consequently, during the
stripping process, there is a competition between the continuous distribution of Ca especially
in the deep layers and the extraction of Ca from the outer layers. In potential step experiments
for 5 min was not enough to relax the Ca in the antimony layers and to obtain a constant

concentration of Ca everywhere.

7.4 Conclusions

The thin antimony layer was first deposited on Au in 0.5 M H2SO4 containing 0.25 mM Sb203
by cyclic voltammetry. Calcium deposition/dissolution on Au and Sb modified Au electrodes
were investigated in 1.5 M Ca(BHa4)> in THF electrolyte. Interestingly, at the Sb modified Au
electrode, a pre-cathodic peak started at around 1.0 V (vs. Ca/Ca"), which is 1.0 V more
positive than the onset potential of bulk deposition at the Au electrode. It is suggested that this
pre-cathodic peak is related to the alloying of Ca with Sb adlayers to form CaSb; alloy since
the ratio of the amount of the alloyed Ca to that of the deposited Sb calculated from the
corresponding peak charge is close to the theoretical value of 1:2 for CaSb, formation. High
coulombic efficiencies of Ca stripping/insertion have been observed in cyclic voltammetry and
potential step experiments.

Furthermore, the kinetics was investigated by the potential step and PITT experiments. It has
been found that the alloying process was first determined by charge transfer and diffusion of
Ca ions. The diffusion coefficient of Ca in Sb multilayers was estimated from CV and potential
step experiments to be 0.9-1.3%107!* cm?s! respectively, which is, higher than the Mg alloying
with Sb from our work in the previous chapter and in the literature. ['> 13 This value is two

orders of magnitude lower than the value for Li" ions from our work.
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Chapter 8: Calcium Deposition and Alloying with Bi on Au

Electrode

8 .1 Introduction

Bismuth electrodes as anode for rechargeable batteries have been of great interest in recent
years. Several Mg-salts such as MACC, Mg(TFSI),, and Mg(BH4); in organic solvent (DG, TG,
THEF, MeCN, and so on...) with Bi anode have been investigated for rechargeable magnesium

[-31 11 571 All the results shown in literature and in our work demonstrate high

batteries.
coulombic efficiency, high reversibility and high reversibility with Bi anode. The mobility of
Mg ions in the Bi electrode was calculated and estimated to be high due to the low migration
barrier of 0.34 eV for Mg diffusion in Mg3Bi> and the activation barrier of 1.46 eV for the
reaction of Mg with Bi. [7' ] Since the Ca ions with their less polarizing character should have
a higher mobility than Mg ions, !! the Bi anode could be an alternative for the rechargeable
calcium batteries. The Ca-Bi alloy has also been studied by DFT and suggested for use as a
negative electrode.

The Ca-Bi alloy has been investigated for thermal batteries by Kim et al. in 2013. ! The
operation temperature is lower by using Ca-Bi alloy at 500-700 °C with a molten electrolyte. It
shows high reversibility with high exchange current densities of 200 mA/cm? between 0.8 and
1.0 V vs. Ca and sufficiently high coulombic efficiencies around 98 %. The formed intermetallic
was found to be Cai1Biio at the electrode-electrolyte interface.

The thermodynamic properties of Ca-Bi alloys were determined by electromotive force
measurements. 1'% Several types of alloys such as CaBia, Ca11Biio, and CasBis are shown in the
phase diagram. (Fig. 13.2) The crystal structure of CaBi> phase was first reported by Merlo and
Fornasini, ') which belongs to group Cmcm in an orthorhombic lattice. Bi atoms are arranged
in two different planes in the crystal structure of CaBiz: one is made by a stacking of Bi(1)
square and the second is Bi(2)-Ca corrugated square net. The Ca atoms form a tetrahedral,
which is centred around Bi(1) atoms. (See Fig. 13.3) This alloy was also found to be a
superconductor with a transition temperature Tc = 2.0 K. This kind of compound with layer
structure could be used as a negative electrode for the batteries. During the charge and discharge,
the reversible insertion and de-insertion will take place with structural change.

There are several determining processes such as capacity, redox voltage, and diffusion rates
(kinetics and thermodynamics) for the Ca alloying/de-alloying. One of the major challenges is

the limited mobility of Ca?" ions. A good ionic diffusion for battery electrode materials was
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reported to be 10712 cm?/s. There is no reported literature direct corroding to the measurements
of diffusion coefficients.

In this work, we study the alloying of Ca into multilayers of Bi on polycrystalline Au and single-
crystal Au (111) using non-aqueous electrolyte (1.5 M Ca(BH4), in THF) at room temperature.
The cycling reversibility of alloying/de-alloying will be demonstrated. During the discharge,
the formation of CaBi> occurs, and the substrate structure will be then formed again during the
charging process. The kinetics of the Ca ions diffusion was studied and the diffusion coefficients

were estimated by cyclovoltamogramm and potential steps experiments.

8.2 Experimental

Chemicals, materials and electrolyte

All aqueous electrolytes were prepared by 18.2 MQ from Milli-Q water and de-aerated with
high purity argon gas for at least 15 min before use. Electrochemical measurements in 0.1 M
H>SO4 (Spectro pure grade) were implemented in a conventional three-electrode glass cell. Au
sheet 1 cm? and RHE are used as a counter electrode and a reference electrode respectively. The
electrochemical deposition at an Au working electrode was done in 1 mM Bi203 (99.999%,
Aldrich) + 0.5 M HCIOq electrolyte for Sb deposition;

A polycrystalline Au electrode and a bismuth modified Au electrode were used as working
electrodes for Mg deposition and alloying measurements. Magnesium wire was then used as a
counter electrode and another one as a quasi-reference electrode. All the calcium
electrochemical deposition measurements were carried out in the MBraun glovebox (H20 < 0.5

ppm, O2 < 0.5 ppm).

Preparation of 1.5 M Ca(BH4)2 in THF

Calcium borohydride bis (tetrahydrofuran) (Ca(BH4)2-2THF) was purchased from Sigma-
Aldrich. Extra dry tetrahydrofuran (THF, <5 ppm) was produced from the inorganic institute
at the University of Bonn and stored several days over molecular sieves (44, Aldrich). The
calcium metal (purity 99.99 %) was achieved from the project partner ZSW Ulm. The salt was
first dissolved in THF overnight and a clear solution was obtained. (10 ppm) The preparation
of the solution was made and all materials were stored in the MBraun glovebox (H2O < 0.5

ppm, Oz < 0.5 ppm).
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Cyclic Voltammogram (CV)

Electrochemical measurements (Bi deposition on Au and Ca deposition including alloying)
were carried out in a conventional three-electrode glass H-cell consisting of three compartments
for fixing the working electrode, reference electrode, and counter electrode. The working
electrode is placed in the central compartment and contacted with a solution in a hanging
meniscus configuration. The reference electrode is placed in the compartment where it is
connected to the central compartment with a Luggin capillary. The counter electrode is placed
in the compartment, separated from the central compartment by a glass frit.

All electrochemical measurements were carried out using a potentiostat purchased from Pine
Instruments, Inc. (model AFBPC1) in combination with home-made LabVIEW program
(National Instruments GmbH, Munich, Germany) for recording the cyclic voltammograms

(CVs)

8.3 Results and Discussion:

8.3.1 Ca deposition and alloying on Bi-modified Au-Electrode in Ca(BH4): in THF
Electrolyte

Bi was first freshly deposited on Au electrode and then transferred to the glovebox under inert
atmosphere. (Modification of Au by Bi as described in previous chapter 6) Fig. 8.1 shows the
comparison of electrochemical deposition and stripping behavior of Ca at a bare gold electrode
and Bi-modified gold electrode in 1.5 M Ca(BH4), in THF. A stable CV of the calcium
deposition on the bare poly-crystalline Au electrode is shown in Fig 8.1 a. The calcium bulk
deposition started at about -0.2 V vs. Ca/Ca*" in the cathodic sweep, and in the anodic direction,
the current is still negative in the potential range of -0.6 V to 0 V vs. Ca/Ca*" and afterwards a
bread peak for calcium dissolution starts at 0 V vs. Ca/Ca*". (The potential of 0 V vs. Ca has
been corrected since the Ca reference electrode is varies from day to day.) (Fig.8.1 a) The
coulombic efficiency, which was calculated from the charge of the deposition divide by the
charge of dissolution to be 97%.

On Bi-modified gold electrode the Ca deposition occurs already 1.0 V more positive, giving
rise to a shoulder we attribute this to the alloying of Ca with the Bi-adlayer and formation of

binary phase CaBi, according to the following equation:

2Bi + Ca®t + 6e~ - CaBi, (8.1
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Figure 8. 1: Cyclic voltammograms of Ca deposition/dissolution at bare Au-electrode (a) and
Bi modified Au-electrode (b) in 1.5 M Ca(BHa)2/THF at the sweep rate of 10 mV s*. Ca
alloying/de-alloying at Bi modified electrode in the potential range of -0.8 V to 1.5 V vs.
Ca/Ca?*. Red curve in figure a shows the first cycle of Ca deposition. The 0 V vs. Ca in figure
b was corrected by taking the value of the cross from x and y axis. WE: Au and Bi modified
Au; CE and RE: Ca. (~34 nmol cm™ Bi on Au and Surface area was 0.785 cm?)

n [13 14 the calculated potential for

From the thermodynamic data for CaBi> alloy formatio
CaBi; alloy formation at room temperature is ~ 0.95 V (vs. Ca). (Here, the enthalpy and entropy
of CaBi> at 542 K and the temperature of 298 K were used for calculation.) Therefore, the
experimental positive shift in the potential of Ca alloying is in agreement with the theoretical
value. The phase diagram and the crystal structure are shown in Figure 8.2 and Figure 8.3

respectively.
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Figure 8. 2: Ca-Bi phase diagram. 1%

"

Figure 8. 3: The CaBi> crystal structure. Calcium and bismuth atoms are represented by orange
and violet balls, respectively. 12l

In the anodic going sweep, the de-alloying peak occurs at 1.1 V vs. Ca when the potential was
reversed at 0 V vs. Ca before the bulk deposition. When the sweeping potential was reversed at
about 0.5 V vs. Ca, the de-alloying peak occurs at 1.0 V vs. Ca, which is 100 mV (less
overpotential) negative than the above one. The coulombic efficiencies, calculated from the
charges of Ca alloying/de-alloying, have shown the value of 90 % for reversed the sweeping
potential at 0.5 V in comparison with 67 % for reversed sweeping potential at 0 V. We attribute
this to the side reactions which were arising at the potential between 0 V and 0.5 V vs. Ca.
The amount of the deposited Bi and the alloyed Ca in Bi was calculated to be 34.5 and 5.28

nmol/cm? (from the charge of the cathodic peak between 0.5 V and 0.9 V) as well as 9.43
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nmol/cm? (from the charge of the cathodic peak between 0 V and 0.9 V). The ratio between the
amount of the alloyed Ca to the deposited Bi (Ca: Bi) is thus 0.15 for reversed sweeping
potential at 0.5 V and 0.26 for reversed sweeping potential at 0 V, which is lower than the
theoretical value of 0.5 for the formation of the CaBi» phase during the insertion process. The
reason is that the diffusion of Ca®* ions in the Bi adlayers is very slow, the alloying time here

(10 mV/s) was not enough for saturation of the Ca atoms in Bi adlayers.

8.3.2 Determination of diffusion coefficient of Ca into Bi adlayers
a) CV

Fig. 8.4 shows the cyclic voltammograms of a Bi modified Au electrode (~34 nmol/cm? Bi on
Au) in 1.5 M Ca(BH4)>/THF at different sweep rates from 50 uV/s to 10 mV/s in the potential
range of 0.4 to 1.6 V vs. Ca. In the cathodic sweep, a small shoulder is observed at the potential
of 0.8 V vs. Ca. (C1 in Fig. 8.4 a) Possibly this small shoulder belongs to the another phase of
the Ca-Bi intermetallic compound or surface phase which is formed during the alloying of Ca
with Bi at the beginning. The ratio of Ca: Bi for this shoulder calculated to be 0.125 from the
charge of C1 (0.68 mC/cm?) for 50 pV/s. So the exact phase of Ca-Bi formed in this shoulder
is not clear in this case.
From cyclic voltammetry, we can simply estimate the diffusion coefficient from the change of
peak current with varying sweep rates assuming simple solid-state diffusion as rate-limiting
using (8.2) (the Randles-Sevcik equation for an irreversible system and semi-infinite diffusion
(15l

I, = 2.99 x 10°n,/an,ACoD2:v" (8.2)
Here, I, is the peak current in amps (A); n is the number of electrons transferred in the reaction
(2e” for Ca®"); A is the apparent surface area of the working electrode (0.785 ¢cm?); Dca is the
diffusion coefficient of Ca (cm? s™) in Bi; v is the sweep rate (V s™'); Cy is the concentration of
Mg (theoretically, 0.016 mol cm™) in the solid state. For this equation to hold, it is assumed that
during deposition the concentration of Ca drops to zero within the Bi layer (semi-infinite

diffusion condition).
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Figure 8. 4: a) Cyclic voltammograms of Ca alloying with Bi modified Au electrode in 1.5 M
Ca(BHa4)2/THF at different sweep rates from 50 pV/s to 1 mV/s. b): Plot of i, (peaks current)
i)

VS. v ? (square root of scan rate). The slop of the linear fitting is used for determining the
diffusion coefficient. WE: Au and Bi modified Au; CE and RE: Ca. (~34 nmol cm™ Bi on Au
and Surface area was 0.785 cm?)

An almost linear relationship between the Ca alloying/de-alloying peak currents and the square
root of sweep rate was obtained as shown in Fig. 8.4 b. The diffusion coefficient is calculated
from the deposition peak only. From the slopes, we calculate the diffusion coefficients of
3.8x107 cm? s7! for Ca alloying with Bi with an, = 0.5. This value is similar to the value of
Ca and Mg alloying with Sb, one order of magnitude lower than the value of Mg alloying with
Bi, three orders of magnitude lower than the value obtained for the diffusion of Li* ions in a

composite electrode. [1¢-1]
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The charge density of Ca alloying with Bi, coulombic efficiency and the ratio between alloyed
Ca and deposited Bi at different potential sweep rates are shown in table 8.1. The charge density
increased with the decrease of the sweep rate. A control experiment at 10 mV/s has been
recorded at the end of the experiment the CV measurements gave an identical result as for the
beginning. Thus, there is no deactivation of the electrode surface and no noticeable change in
the Bi layers in the course of these cyclic voltammograms. The ratio between the faradaic charge
of anodic (de-alloying A1) and cathodic (alloying C1 + C2) gives the apparent coulombic
efficiency. The coulombic efficiency was increasing from 90 % to 97 % with the decrease of
the sweep rates from 10 mV/s to 50 uV/s. The value for 10 mV/s is lower than that for the
experiment with the sweep rate of 50 uV/s because for higher sweep rates (higher than 1 mV/s),
the time is not sufficient for saturation, obviously diffusion is too slow. The ratio between Ca

and Bi for the sweep rate of 10 uV/s is 0.44 (theoretical value 0.5 for CaBiy).

Table 8. 1: Dependence of Ca alloying/de-alloying with Bi modified electrode integrated
charges densities on the potential sweep rate, the corresponding coulombic efficiencies, and the
ratio of Ca:Bi. (~34 nmol/cm? Bi on Au and Surface area was 0.785 cm?)

v (mV/s) | Charge (mC/cm?) | Charge (mC/cm?) | Col. Eff. (%) | Ratio Ca:Bi
(alloying) (de-alloying)
10 1.08 0.97 90 0.16
5 1.40 1.27 91 0.21
1 1.76 1.64 93 0.28
0.1 2.29 2.15 94 0.35
0.05 2.87 2.78 97 0.44
10 1.21 1.16 96 0.18

The cyclic voltammograms of Ca alloying/de-alloying with a Bi modified Au electrode in the
same electrolyte at different sweep rates from 50 pV/s to 10 mV/s in the potential range of 0 to
1.6 V vs. Ca was also recorded after the potential step experiment described below. It could be
seen that an additional anodic peak (A 2 in Fig. 8.5) appears at 1.4 V vs. Ca for sweep rates
from 5 mV/s to 50 uV/s and in the control CV with 10 mV/s. This peak is obviously not related
to the shoulder C1, as obvious from a comparison with fig.8.4. We assume that the second peak
is visible because of a surface structure change. After repeated Ca alloying and de-alloying in
the potential step experiment, the surface morphology of Bi might change, as observed for the
Bi structure on the Au (111) single electrode after Mg alloying and de-alloying (see STM
measurement in Chapter 6). Also, the appearance of the peak A2 might be due to the larger

potential limits than before potential step experiment.
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Figure 8. 5: The cyclic voltammograms of Ca alloying/de-alloying with a Bi modified Au
electrode in the same electrolyte at different sweep rates from 50 uV/s to 10 mV/s in the
potential range of 0 to 1.6 V vs. Ca (0.4 V to 1.6 V before the potential step experiment) after
the potential step experiment. (~34 nmol cm™ Bi on Au and Surface area was 0.785 cm?)

Table 8. 2: Dependence of Ca alloying/de-alloying with Bi modified electrode integrated
charges densities on the potential sweep rate, the corresponding coulombic efficiencies, and the
ratio of Ca:Bi for the CVs after the potential step experiments. (~34 nmol/cm? Bi on Au and
Surface area was 0.785 cm?)

) Charge (mC/cm?) | Charge (mC/cm?) | Col. Eff. | Ratio of Ca:Bi | Ratio of Ca:Bi
(mV/s) | (alloying) (de-alloying) (%) (alloying) (de-alloying)

10 1.79 1.46 82 0.26 0.22

5 2.25 1.85 82 0.34 0.28

1 2.59 2.10 81 0.39 0.33

0.1 3.11 2.61 84 0.47 0.39

0.05 3.78 3.23 85 0.58 0.51

10 1.87 1.61 86 0.29 0.26

The charges density of Ca alloying with Bi, coulombic efficiency and the ratio between alloyed
Ca and deposited Bi at different potential sweep rates are shown in table 8.2. The charge density
for both alloying and de-alloying increased with the decrease of the sweep rate. The coulombic
efficiencies were calculated to be 81 % to 86 % which is less than observed for the experiments
of fig 8.4 prior to the potential step experiments. These integrated charges have been estimated
from the cathodic peak C1 and C2 between 0 V and 1.2 V vs. Ca. The coulombic efficiencies
at different sweep rates which are shown in table 8.1 were calculated between 0.4 V and 1.2 V
vs. Ca. It is seen that there is a large cathodic current between 0 V and 0.4 V vs. Ca for each

sweep rate. We assume that this large current is due to the continually alloying of Ca and also
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due to some side reaction, which results in a lower coulombic efficiency. Also, the ratio between
the alloyed Ca and the deposited Bi at 50 uV/s in table 8.2 is 0.58, which is higher than the
theoretical value of 0.5 for CaBi; for the same reason as above mentioned. The ratio calculated
from de-alloying is nearly 0.51, which means that the Ca is saturated in the Bi layers for low
sweep rates. For higher sweep rates, the time is not sufficient for saturation, obviously diffusion

is too slow. (E =0.799 V vs. Ca for Cai1Biio, E=0.723 V vs. Ca for CasBi3; for T=873 K)

b) Potential step

In potential step experiments, the potential was first held at 1.5 V vs. Ca in 1.5 M
Ca(BHa4)>/THF , where de-alloying of Ca with a high reaction rate takes place in order to be
sure that there is no Ca left in the Bi layer. Afterwards, the potential was stepped to the potential
(from 0 V to 0.9 V vs. Ca), at which calcium could be alloyed with the bismuth layer, for
different periods (2 min and 10 min), then the potential was stepped back to 1.5 V for 2 or 10

min where the extraction of calcium takes place, respectively.
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Figure 8. 6: Potential step experiment for Ca alloying and de-alloying from 1.5 M
Ca(BHa4)2/THF electrolyte into Bi modified Au electrode at 0 V and 1.5 V respectively.
Alloying and de-alloying of Ca for over one hour. Insert: a) the first 10 s of alloying; b) the first
100 s of de-alloying. (~34 nmol cm Bi on Au and Surface area was 0.785 cm?)

Figure 8.6 shows comparison of the transients during alloying and de-alloying for one hour.
The first 20 s of Ca alloying and de-alloying with Bi are shown in insert of Figure 8.6. It can
be seen that the current drops directly after the double-layer charging for alloying and discharge

for de-alloying. The faradaic current drops down to nearly 0 at the end of the alloying process,
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which indicated that the Bi ad-layers were saturated by the Ca atoms. The amount of the
deposited Bi and the alloyed Ca in Bi (from the charge of the cathodic current) was calculated
to be 16 and 34 nmol/cm? respectively according to the corresponding current transient in Fig.
8.6. The ratio between the amount of the alloyed Ca to the deposited Bi is thus ~0.48 (Ca: Bi),
which also indicates the formation of the above-mentioned CaBi» phase during the insertion

process according to the structure model '?! shown in Fig. 8.3.
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Figure 8. 7: Potential step experiment for Ca alloying from 1.5 M Ca(BH.)2 /THF electrolyte
into Bi modified Au electrode at different potentials respectively. Each potentials is held for 2
min (straight line) and 10 min (dotted line). Insert: the current density of each potential hold
with alloying time until 120 s and 600 s. (~34 nmol cm™ Bi on Au and Surface area was 0.785
cm?)

Figure 8. 7 shows the potential step experiment for Ca alloying and de-alloying from 1.5 M
Ca(BH4)>/THF electrolyte into Bi modified Au electrode at different potentials respectively. (0
V to 0.9 V vs. Ca) Each potential was held for 2 min (dash line in Fig. 8.7) and 10 min (solid

line in Fig. 8. 7) for Ca alloying. The current transient has a similar shape as in Fig. 8.6.

Fig. 8.8 shows the current transients during de-alloying of Bi after each potential step. After the
initial double layer charging, a slight current increase may be due to some contribution of a
nucleation and growth process. Then the current for de-alloying nearly stays constant for few
seconds, indicating an initial both kinetic and diffusion rate limitation. Only after alloying at
the lowest potential and for the longer alloying time of 10 min. notably a slightly increasing
current with a faint indication of nucleation. The current drops to 0 after de-alloying of 10 min,

which indicates that all of the alloyed Ca atoms left the Bi-layer. Thus there would be no
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residual Ca atoms in the Bi ad-layers for the next potential step. In this case, the diffusion

coefficient could be estimated for each potential step.
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Figure 8. 8: Potential step experiment for Ca de-alloying from 1.5 M Ca(BHa)2 /THF electrolyte
into Bi modified Au electrode at different potentials respectively. Each potentials held for 2
min (solid line) and 10 min (dot line). Insert: the current density of each potential hold with de-
alloying time until 120 s and 600 s. (~34 nmol cm Bi on Au and Surface area was 0.785 cm?)

The charges of Ca alloying/de-alloying, the ratio between the alloyed Ca, and the deposited Bi
and columbic efficiency are summarized in table 8.3. It can be seen that the ratio between
alloyed Ca and deposited Bi is from 0.03 to 0.35 for 2 min alloying and from 0.02 to 0.32 for 2
min de-alloying. (The theoretical value of CaBi; is 0.5) It means that the Ca atoms are not
saturated in Bi ad-layers with 2 min alloying. The ratio for the alloying and de-alloying of 10
min shows both nearly 0.5 at 0 V vs. Ca, which indicates again that the CaBi> is the product
during the Ca alloying in the Bi ad-layers.

Here, we attribute the linear relationship between the current and square root of the time at the
beginning (cf. Fig. 8.9) for Ca alloying to a kinetic and diffusion controlled process, which
could be explained by the following equation:
. 2icr (7.3)
i =lcr _—nFCO\/E\/ﬁ. t
Where 1 is the current density, i-r is the charge transfer current which is determined by the
kinetic; F is faraday's constant; n is the electron transfer number; C, is the saturated
concentration of Ca in CaBiy; t is the time; D is the diffusion coefficient of Ca. The diffusion

coefficient can be estimated from the slope of the linear region if we plot the current density
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versus the square root of time. Figure 8.9 shows the plot of current density versus the square
root of alloying time. The slop of linear area for calculation of the diffusions coefficient at 0 V

is shown. The charge transfer current density was estimated by extraction of the linear fitting.

Table 8. 3: Dependence of Ca alloying/de-alloying integrated charges during the potential step
experiments on potential of alloying, the corresponding coulombic efficiencies, the ratio
between Bi and Ca, the estimated diffusion coefficient and the value of C+/D. (~34nmol cm
Bi on Au and Surface area was 0.785 cm?)

E Q Q Q Q Ratio Ratio D (10" | cvD D (107 | cyD

(V vs. | (mC/em?) | (mC/em?) | (mC/cm?) | (mC/ecm?) | (Ca:Bi) | (Ca:Bi) | cm?s) (/10°) cm?/s) /10°)
Ca) (cath. (cath.) (anod.) (anod.) alloying | alloying | alloying | Alloying | alloying Alloying
2min 10min 2 min 10 min (de- (de- (de- (de- (de- (de-
alloying) | alloying) | alloying) alloying) alloying) alloying)
2 min 10 min 2min 2min 10 min 10 min
0 2.28 2.88 2.13 2.82 0.35 | 0.44 2.2 8.4 1.9 7.8
(0.32) 0.59) | 4.2) | (0.52) | (4.1)
0.15] 1.86 - 1.49 - 0.28 - 2.0 8.0 - -
(0.22) 0.35) | (3.3)

03 | 128 | 211 | 122 | 205 | 020 | 032 | 12 | 62 | 1.1 | 59
(0.19) | (0.31) | (0.31) | (3.2) | (0.26) | (2.9)
0.45 | 1.04 - 1.02 - 016 | - | 055 | 42 - -
(0.15) (0.28) | (3.0)
06 | 074 | 1.15 | 050 | 1.07 | 0.11 | 0.18 | 029 | 3.1 | 0.17 | 2.3
(0.08) | (0.16) | (0.20) | (2.5) | (0.15) | (2.2)

0.75 | 0.22 - 0.16 - 003 | - [ 025 | 28 - -
(0.02) 0.17) | (2.3)
0 | 215 | 275 | 208 | 268 | 033 | 042 | 24 | 88 | 20 | 80
(0.32) (0.52) | (4.1) | (0.58) | (4.3)
0 3.15 3.13 048 | 1.0 | 5.7
(1 h) (1 h) (1 h) (0.48)
(1h)

The value of D can also be calculated from the linear slope of Q? vs. t as shown in Fig. 8.10 for
de-alloying with the integrated Cottrell equation, since the de-alloying is controlled by
nucleation, charge transfer and diffusion. (Q? vs. t for alloying has also been plotted, but no
linear region is observed.) Here for the Co we used the saturations concentration for the

calculation of the diffusions coefficient. The estimated diffusion coefficients of alloying and

de-alloying, and the value of CV/D from potential step experiments are also summarized in table

8.3.
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Figure 8. 9: Plot of transient current density (i vs./t) for Ca alloying at different potentials
(from 0 V to 0.9 V vs. Ca) with the time of 2 and 10 min into Bi layers. The slope of linear
region for calculation of the diffusions coefficient at 0 V, the charge transfer current density is
obtained from the intersection of the linear fitting with the axis. (Bi: ~34 nmol/cm?; surface
area: 0.785 cm?)
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Figure 8. 10: Plot of Q? vs. t for Ca de-alloying with the time of 2 and 10 min. The slope of
linear region for calculation of the diffusions coefficient at 0 V. (Bi: ~34 nmol/cm?; surface
area: 0.785 cm?)

The calculated diffusion coefficients of 0.3 x 1013 — 2.4 x 103 for alloying and 1.68 x 104 —
5.90 x 107 for de-alloying from the slope of linear region in Figure 8.9 and in Figure 8.10 by
potential step experiment are summarized in table 8.4. (Here, the theoretical concentration of

Ca in CaBi; was used.) The diffusion coefficient of de-alloying is lower than alloying, because
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the Ca ions diffuse during the alloying easily into the Bi, which has a layer structure. However,
during the de-alloying the structure has changed to the phase of CaBi». This structure needs to
be broken before the Ca ions diffuse out of the layers into the electrolyte. Since after 10 min of
alloying the system does not reach an equilibrium, so the equilibrium concentration of Ca in
CaBi at the applied potential for alloying is not known. In this case, the value of C+/D is

calculated for comparison of alloying with different potentials and shown also in table 8.3.

In Figure 8.11 the Tafel plot of the overpotential versus the limited current is shown for each
jump potential. The value of Tafel slope is 896 mV/decade, much higher than the typical value
of 120 mV/decade for one-electron transfer. This value of Tafel slope is equivalent an, = 0.07
and therefore, for an assumed a of 0.5 to 0.1, to the transfer of only 0.5 to 0.1 elementary
charges. The Ca*" ions are likely to initially diffuse in between those layers before a phase
transition to the Zintl phase is taking place. Using the above value of an, = 0.07 instead of 0.5
for the calculation of the diffusions coefficient in the Randles-Sevcik equation. We obtain D =

2.7x107"3 ecm?/s.
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Figure 8. 11: Tafel plot of Ca alloying with Bi after the double layer charging.

The diffusion coefficient calculated from the variation of the sweep rates in CV (fig. 8.4) were
estimated to be 3.8 x 10" cm? s ™! with an, = 0.5 and 2.7x10"* cm?/s an, = 0.07 for alloying,
and from potential step experiments to be 1-2.4x10713 cm?/s depending on the calcium content
in the Bi modified electrode assuming the concentration of calcium in the bismuth layers (0.018
mol/cm® in CaBi,). These values are similar to the value of Ca diffusion into Sb layers and

higher than the estimated value from measurements for Mg diffusion into Bi electrode in
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magnesium organohaloaluminate electrolyte in this work. Furthermore, it has to be taken into
account that the estimated apparent diffusion coefficients which we have determined is the
diffusion in the bulk of the homogenous material. Also, the incorporation of Ca into the Bi layer
leads to an expansion and changing thickness. In the cyclic voltammetry, the relaxation time
after the alloying is not enough to get a stable profile with homogenous distribution of Ca in
the whole layers of Bi. Consequently, during the stripping process, there is a competition
between the continuous distribution of Ca especially in the deep layers and the extraction of Ca

from the outer layers.

8.4 Conclusions

The thin bismuth layer was first deposited on Au in 0.5 M H2SO4 containing 1 mM Bi203 by
cyclic voltammetry. Calcium deposition/dissolution on Au and Bi modified Au electrodes were
investigated in 1.5 M Ca(BH4)2 in THF electrolyte. On the Bi modified Au electrode, a pre-
cathodic peak started at around 0.95 V (vs. Ca/Ca"), which is 0.95 V more positive than the
onset potential of bulk deposition at the Au electrode. This peak is related to the alloying of Ca
with Bi adlayers to form CaBi; alloy, as indicated by the ratio of the amount of the alloyed Ca
to that of the deposited Bi calculated from the corresponding peak charge which is close to the
theoretical value of 1:2 for CaBi, formation. High coulombic efficiency (97 %) of Ca
stripping/alloying have been observed in cyclic voltammetry and potential step experiments.

Furthermore, the rate of alloying was investigated by CVs and the potential steps experiments.
It has been found that the alloying process is determined by charge transfer kinetics and
diffusion. During the alloying process, on additional anodic peak was observed due to the
change of surface morphology, which indicated that the structure is changed after the Ca
alloying. The diffusion coefficient of Ca in Bi multilayers was estimated from CVs to be 2.7x10"
13 ¢m?/s for alloying, and from potential step experiments to be 2.4x10713 cm?s™! for the alloying
at 0 V vs. Ca respectively, which are, twice as high as the diffusion coefficient of Ca alloying
with Sb from this work in the previous chapter. These values are one order higher than Mg
alloying with Sb and Bi and are two orders of magnitude lower than the value for Li* ions with

Sb from this work.
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In this thesis, the electrochemical properties of Li, Mg, and Ca deposition and dissolution on
pure Au and Pt electrode as well as their alloying and de-alloying with Sb, Sn, and Bi modified

Au electrodes have been discussed. The main results are summarized in Tables 9.1 and 9.2.

Table 9. 1: Main results of Metal (Li, Mg and Ca) deposition and dissolution in aprotic

electrolytes for rechargeable metal batteries.

Mg Mg Mg Ca Li
deposition deposition deposition deposition deposition
Electrolytes 0.5M 1.0 M Mg(BH4), | 0.5 M 1.5M 3iM
MACC +0.5M MgCl, | Mg(TFSI), Ca(BH4)2 LiTFSI
TG TG TG THF DMSO
Overpotential | -0.05 V vs. -0.10 V vs. -0.8 V vs. -0.20 V vs. -0.10 V vs.
Mg Mg Mg Ca Li
Reversible 2.4V vs. 2.4V vs. n.d. -2.75V vs. -3.5V vs.
Potential Ag/Ag" Ag/Ag" Ag/Ag’ Ag/Ag’
Anodic 2.7Vvs.Mg | 1.5V vs. Mg 30Vvs.Mg | 23Vvs.Ca |4Vwvs. Li
stability
Coulombic 99% 97% 25% 98% 99%
efficiency
Electrolyte Decomposes | n.d. Decomposes | n.d. Decompose
stability (1 2]

Good electrochemical properties and high columbic efficiency (99 %) of Li deposition and
dissolution was observed in 3M LiTFSI/DMSO on Au electrode. For 1 M solution on Au
electrode and for 1M and 3M solution on Pt electrode the coulombic efficiency is lower. The
decomposition of the specific lithium salt (LiTFSI) and the DMSO-molecule is the main reason
and demonstrated by using DEMS. The oxidative stability of this electrolyte is found to be
around 4 V. The Li-Au and Li-Pt alloy formation was observed.

For the magnesium deposition, the electrolytes of MACC/TG and Mg(BH4)2/TG have high
reversibility and coulombic efficiency. However, they have a very limited electrochemical
window. The Mg(TFSI):-based electrolyte, which has a wider electrochemical window than
MACC and Mg(BH4), in TG, shows however very low electrochemical properties (low
coulombic efficiency and high overpotential) due to the less stability of TFSI™ ion and the
decomposition of electrolytes.

Many electrolyte systems with varying Ca salts and organic solvents have been studied for Ca
deposition and dissolution. Most of Ca salts are not commercially available and their solubility
is quite low in the organic solvent. No reversible Ca deposition or alloying were observed in

most Ca®* containing electrolytes except Ca(BH4)2/THF and Ca[B(hfip)]> in DME (up to 98 %
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coulombic efficiency). However, the electrochemical window of these electrolytes is quite low.

Table 9. 2: Main results of Metal (Li, Mg and Ca) alloying and de-alloying with Sh, Sn, and Bi
as a negative electrode in aprotic electrolytes for rechargeable metal batteries.

Mg Mg Mg Mg Ca Ca Ca Li
Alloying | Alloying Alloying | Alloying | Alloying | Alloying | Alloying | Alloying
with Sb_ | with Sb with Sn | with Bi with Sb | with Sn | with Bi with Sb

Electrolyte | 0.5M 1.0M 0.5M 0.5M 1.5M 1.5M 1.5M 2 M
MACC Mg(BH4)2 MACC MACC Ca(BH4)2 Ca(BH4)2 Ca(BH4)2 LiTFSI
TG +0.5M TG TG THF THF THF PC/EC
MgCl,
TG
Onset 320 mV | 400 mV 220mV | 360 mV | 900 mV | 840 mV | 950 mV | 700 mV
potential of | vs. Mg | vs. Mg vs.Mg | vs.Mg | vs.Ca vs. Ca vs. Ca vs. Li
alloying
Coulombic | 99% 97% 99% 99% 98% 60% 90% 99%
Efficiency
Formed MgsSb, | Mg3;Sb; Mg,Sn | Mg;Bi, | CaSb; CaSn; CaBi» Li;Sb
alloy and
Li>,Sb

Kinetics of | Typel Type I Type Il | Type Il | Typel Type Il | Type Il | Type III
alloying

Charge 0.60at | 0.12 at n.d. 1.5 at 1.7 at n.d. 34 at n.d.
transfer 0V vs. 0V wvs. 0V wvs. 0V vs. 0V vs.

current Mg Mg Mg Ca Ca

(mA/cm?)

Diffusion 4-7 34 4-8 1-4 0.9-1 3-5 2-3 4-6
coefficient | x10 x10714 x10713 X101 x10713 x1071 x10713 x10712
(cm?/s)

Magnesium alloying and de-alloying with Sb, Sn, and Bi modified Au electrodes were
investigated in 0.5 M MgCl,+ 0.5 M AICI; in tetraglyme electrolyte. Interestingly, at the metal
(Sb, Sn, and Bi) modified Au electrodes, pre-cathodic peaks which are more positive than the
onset potential of bulk deposition were observed; they are related to the alloying of Mg into
these metals thin adlayers to form MgsMz (for M = Sb and Bi) and the Mg>Sn alloy. High
coulombic efficiencies and high reversibility of Mg alloying/de-alloying have been observed in
cyclic voltammetry and potential step experiments. No formation of ethylene was observed by
DEMS measurements during the alloying and de-alloying with Sb, and Bi as opposed to the
deposition on pure Au electrode. Ethylene formation for Mg alloying with Sn as well as the
deposition on pure Au were observed. Calcium alloying and de-alloying with Sb, and Bi
modified Au electrodes show high coulombic efficiencies and high reversibility in 1.5 M
Ca(BHa4): electrolyte. The electrochemical performance of Ca alloying/de-alloying with Sn is
poor. In some experiments, the current density decreases very fast even in the second cycle in

this system. The CaM; (for M = Sb and Bi) and CaSnj3 alloy formation is in accordance with
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the calculation of the ratio between alloyed Ca and the deposited metals (Sb, Sn, and Bi) at the

corresponding positive onset potential.

The kinetics of the alloying process of Mg and Ca with Sb, Sn and Bi was studied by potential
step experiments and PITT measurements. Three completely different behaviors were observed.
I.  The metal alloying is controlled first by the nucleation and charge transfer after the
double-layer charging and then by the diffusion (for Mg alloying with Sb and Bi in
MACC/TQG); or first by the charge transfer after the double-layer charging and then by
the diffusion (for Mg alloying with Sb in Mg(BH4)2/TG). The obvious consecutive
occurrence of charge transfer and diffusion control shows that the charge transfer rate
is independent of the concentration of inserted Mg in the alloy. A plot of Q? vs. t is used

for estimating the diffusion coefficient.

Il.  The other behavior was controlled simultaneously by both charge transfer and diffusion.
The current drops directly after the double-layer charge. This shows, that the
concentration of the alloyed metal has an influence on the rate of charge transfer, e.g.
because it influences the number of surface sites available for the alloying. A plot of i
vs. 13 is used for estimating the diffusion coefficient and, by extrapolation to t=0, the
pure kinetic current. (for Ca alloying with Sb and Bi in Ca(BH4),/THF)

1. The metal alloying is only diffusion-determined process. The current drops directly after
the double-layer charge. A plot of Q? vs. t is used for estimating the diffusion coefficient.

(for Mg alloying in MACC/TG and Ca alloying in Ca(BH4)2/THF with Sn)

The charge transfer current (reaction rate) of Mg alloying at 0 V vs. Mg changes as follows: Bi
(MACC/TG)> Sb (MACC/TG) >Sb (Mg(BHa4)2/TG). The reaction rate of Ca alloying with Bi
is twice as high as with Sb at 0 V vs. Ca. The diffusion coefficients were estimated to be 4-
7%x10'* cm?/s for Mg alloying with Sb and 1-4x 1074 cm?/s for Mg alloying with Bi, which are
one magnitude less than the diffusion coefficient 4-8x107'3 cm?/s for Mg alloying Sn. These
values suggest that Sn is an alternative anode better than Sb and Bi for rechargeable magnesium
batteries. The diffusion coefficients of Ca alloying were estimated to be 0.9-1x10'* cm?/s for
Ca alloying with Sb and 2-3x10°'* cm?/s for Ca alloying with Bi, which is one magnitude higher
than the diffusion coefficient of 3x10'* cm?/s for Ca alloying with Sn. It suggest that Sb and Bi
are better than Sn as the negative electrode for rechargeable calcium batteries. In addition, a
STM measurement for the Mg alloying with Bi has been studied. The Bi bulk shows similar

crystalline structure before (in aqueous solution) and after (in organic solution) transfer into the
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glovebox. After the Mg alloying/de-alloying the surface of Bi is smoother and the crystalline
structure disappears. Furthermore, the diffusion rate of divalent cations (Mg and Ca) is less than
the diffusion rate of Li in the Sb adlayers.

However, the following problems of kinetics for alloying and de-alloying need to be more
studied. In this work, an incorporation of Mg or Ca alloying with Sb, Sn, and Bi leads to a
surface expansion and changing the thickness. The diffusion coefficients obtained from the de-
alloying transients are not same as the alloying. In case of Mg alloying/de-alloying with Sb, Sn,
and Bi in MACC/TG electrolyte and the Ca alloying with Sb, there is still residual current after
long period of the alloying in the potential step experiment due to the side reactions. Also, in
the PITT measurement the de-alloying charge is much less than the alloying one.

The development of electrolytes for rechargeable calcium batteries is still the main challenge.
The electrolytes, which are suitable for reversible Ca-plating and stripping, all contain boron
based compounds. It might be a good idea of adding boron based compounds for further
development of electrolytes. Otherwise, CaHz and CaF, were observed during the Ca deposition.
Due to the high reactivity of Ca metal the alloying-type anodes (Sb, Sn, and Bi), which have
been investigated in this work, are still promising to be a good choice. Sb and Bi are suggested
to be better than Sn due to the high diffusion rate. The mechanism of the Ca deposition needs
to be further studied and a better characterization of electrodes needs to be done.

The intensive research of rechargeable magnesium batteries is based on their high theoretical
volumetric capacity and non-dendrite formation, which are the issues for lithium-ion batteries.
However, the commercialized rechargeable magnesium batteries have not yet been produced
due to the problems with both the electrodes and the electrolytes. The passivation of the
electrode is still one of the largest problems in the development of new anode materials. From
a view of literature, graphite I’ or other carbon-based [ compounds are not suitable for the
intercalation of Mg ions, unlikely lithium-ion-batteries. The oxides of titanium !*) and vanadium
(6] suffer low rate capability and low coulombic efficiency. A SnSb alloy "1 8 and a SbBi alloy
) have already been reported and show good rate capability and cyclic stability. We report that
the Sb only could be also used as a negative electrode for rechargeable magnesium batteries.
Tin exhibits a specific capacity of 900 mAhg™!, which suggest that the theoretical capacity could
be practically achieved ['%, and could be a good choice for the anode material because Mg
alloying with Sn has a higher diffusion coefficient than with Sb and Bi, which is estimated from
this work. The best electrochemical behavior is observed from bismuth-based anode materials
in the literature !> 121131 and in this work. The diffusion coefficient of Mg alloying with Bi from

this work is similar to the value in the literature ['4l. Furthermore, the alloying-type anode has
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more possibility to be compatible with the high voltage cathode. However, the volume
expansion, fast capacity fading, and low diffusion rate still need to be further studied. The ether-
based solvents are still the choices for the development of electrolytes. In addition, the Mg**
conducting layer has also been studied and reported by Ban et al. ['*! Due to those contributions,
it is proposed that possible commercialized rechargeable magnesium batteries could be made

in the near future.
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Al: Mg deposition and alloying on Sb-modified Au-Electrode in Mg(BHa4)2-based
electrolyte in TG

Figure A1.1 shows CVs for magnesium deposition and alloying onto Sb with varying the sweep
rate in 1.0 M Mg(BH4)2 + 0.5 M MgCl; in TG electrolytes. The magnesium alloying process
occurs at 0.70 V vs. Mg with 50 mV/s and shifts more negative with decrease of the scan rate.
(0.30 V vs. Mg with 1 mV/s) The magnesium bulk deposition starts at 0 V vs. Mg on pure Au
electrode (Figure A 1.1a) and was also observed with the sweep rate of 1, 2 and 5 mV/s on the
Sb-modified electrolyte (brown, dark yellow, and rose curves in Figure A 1.1b), because the
alloying process is very slow, the bulk deposition only occurs after the Sb-adlayer is saturated
with Mg atoms. In the anodic sweep the peak potential of de-alloying shifts from 1.2 V with 50
mV/s to 1.0 V with 1 mV/s. It is also seen that the Mg bulk dissolution was observed at 0.3 V
with 1, 2 and 5 mV/s.

99 % coulombs efficiency

y

1.0 M Mg(BH,), + 0.5 M MgCl, in TG
0.4+ -0.15 1

044 Q)

0.2+

g
= 0.0

50 mV/s
20 mV/s
10 mV/s
5mV/s
2mVis
1mvV/s
10 mV/s control

-0.2 4

-15 -10 05 00 05 10 15 20 25 -0.4-020.0 020406 0810121416 1820
E (V vs. Mg) E (V vs. Mg)

Figure Al. 1: CVs for electrochemical magnesium deposition (a) and alloying on Sb (b) in a
1.0 M Mg(BHa4)2+ 0.5 M MgCl; in TG electrolytes in a three electrode cell with 10 mV/s. AE:
Au and Sb modified Au; CE and RE: Mg.

In this measurement, high concentration (1.5 M Mg?") was used and MgCl, was added into the
electrolyte in order to enhance the electrochemical performance of the Mg alloying/de-alloying.
The increased concentration accelerates the deposition kinetics. The coulombic efficiency
decreases to 30 % and the current density is about 0.03 mA/cm? with 10 mA/s, if the
concentration decreases to 0.2 M. (Here is about 0.13 mA/cm? with an electrode surface of
0.785 cm?, blue curve in Figure A 1.1b) Furthermore without addition of MgCl, is the
coulombic efficiency drop to 90 % instead of close 100% with MgCl, for Mg-deposition. The
Mg(BHas)2-based electrolyte has the advantage that no Al deposition occurs and no

“conditioning” process is needed which is important and necessary for a fresh prepared MACC
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electrolyte. However the anodic stability (up to 1.5 V vs. Mg) is lower than MACC electrolyte
(2.8 V vs. Mg). The charge of Mg alloying with 1 mV/s is 9.24 mC/cm? (47.8 nmol/cm?
integrated from the alloying peak between 0.10 V and 0.4 V in the cathodic sweep) and the
charge of de-alloying is 9.18 mC/cm? (47.5 nmol/cm?) integrated from the de-alloying peak
between 0.10 V and 0.4 V in the anodic sweep 0.6 V and 1.4 V. (0 was token as the base line
for integration of alloying and de-alloying). So, the ratio between Mg and Sb is 1.36 for alloying
and 1.35 for de-alloying.

we can simply estimate the diffusion coefficient from the change of peak current with varying
sweep rates assuming simple solid state diffusion as rate limiting using the Randles-Sevcik

equation (for an irreversible system and semi-infinite diffusion) according to eq. (A 1.1) [1I:
I, = 2.99 X 10°n,/an,AC,Dyj5v°°

From the slope for alloying and de-alloying in the fig. A 1.2, we estimate a diffusion coefficient
of 6.8x10"> cm? 57! with an, = 0.5 for Mg alloying. The peak current of alloying with high
sweep rate (20 and 50 mV/s) is not visible. Thus, only the peak current of alloying with low

sweep rate has been took for calculating the diffusion coefficient.

De-insertion

£,00016 - )
| Insertion

0,00014 -
0,00012

_0,00010 1 .

‘-Lu,numa- / s
0,00006 - _ e
0,00004 | ¢
0,00002 -

0,00000 . . . . |
0,00 0,05 0,10 0,15 0,20 0,25

Figure Al. 2: Plot of i, (peaks current) vs. v’ (square root of scan rate).

In potential step experiments, the potential was first held at 1.3 V (where de-alloying of Mg
with Sb takes place) in 1.0 M Mg(BH4)2 + 0.5 M MgCl; electrolyte. The amount of deposited
Sb on Au polycrystalline is about 35.2 nmol/cm?. Afterwards, the potential was stepped to
alloying potential 0.1 V vs. Mg, at which Mg could be alloying with the Sb layer, for 1, 2 and
5 min, followed by the de-alloying at 1.3 V for 1, 2 and 5 min, respectively. Afterwards, the
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experiment was repeated for Mg alloying at other potentials (from 0.2 V to 0.4 V)/de-alloying
(1.3 V) for 1, 2 and 5 min followed by the experiment at 0 V for alloying as well as 1.3 V for
de-alloying for 1, 2 and 5 min. Finally a control experiment at 0.1 V of alloying/de-alloying for
5 min followed by the alloying of one hour at 0.1 V has been done. In Figure A1.3 the potential
steps experiment of Mg alloying with Sb for 1, 2, and 5 mins from 0 V to 0.4 V are shown. The
current stay constant after the double- layer charge and then decrease until the current reaches
zero, which indicate that the Mg alloying is controlled by charge transfer at the beginning and
then by the diffusion. This is different as the current transient observed in the MACC/TG
electrolyte. There, the current increases slightly due to the nucleation, which is not observed
here. Figure A1.4 show the recorded current transients for Mg de-alloying with different de-
alloying time (1, 2, and 5 min respectively). The current transients for each step for 1, 2, and 5
min show the similar form with the same time of Mg alloying. The current drop directly after
the double layer charge.

The charges for alloying and de-alloying of Mg, the ratio between the alloyed Mg and the
deposited Sb, and the calculated diffusion coefficient are summarized in table Al.1. The
integrated charges of Mg alloying and de-alloying increased with the decrease of the alloying
potential (Increase of the alloying time) as respected. The ratio between the alloyed Mg and the
deposited Sb is about 1.52 for 1h alloying at 0.1 V vs. Mg. This value indicated that the phase
Mg3Sb, (Mg:Sb = 1.52) could be formed during the alloying with Sb.

S s s
0.00 - ety S
-0.05
<
E
= -0.10 ov
0.1v
0.2v
-0.15 4 0.3V
0.4V
-0.15 , , : : ,
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Figure Al. 3: Potential step experiment for Ca insertion from 1.5 Mg(BH4)>+0.5 M MgCl in
TG electrolyte into Sb modified Au electrode at different potentials respectively. Insertion for
1, 2, and 5 min. Insert: the first 100 s of the insertion. The potential of insertion are from 0 V to
0.4 V vs. Mg. AE: Sb on Au: CE and RE: Mg. (~35 nmol cm™ Sb on Au and Surface area was
0.785 cm?)
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1 (mA)

t(s)

Figure Al. 4: Potential step experiment for Ca insertion from 1.5 Mg(BH4)>+0.5 M MgCl in
TG electrolyte into Sb modified Au electrode at different potentials respectively. Insertion for
1,2, and 5 min. The potential of de-insertion are from 1.3 V vs. Mg. AE: Sb on Au: CE and RE:
Mg. (~35 nmol cm™ Sb on Au and Surface area was 0.785 cm?)

The value of D can also be calculated from the linear slope of Q? vs. t as shown in Fig. A1.5 for
alloying and Fig. A1.6 for de-alloying with the integrated Cottrell equation, here for the Co we
used the saturations concentration for the calculation of the diffusions coefficient.

0? = (2zFACy)?D .
s

The estimated diffusion coefficients of alloying and de-alloying from potential step experiments
are also summarized in table Al.1. The value of Tafel slope is 443 mV/decade (this value is
similar to the value of Mg alloying with Sb), much higher than the typical value of 120
mV/decade for one-electron transfer. (see Fig. A1.7) This value of Tafel slope is equivalent to
0.27 electron transfer. With an, = 0.137 the diffusion coefficient was calculated to be
2.43x107'* cm?/s. Thus, the diffusion coefficient of Mg into Sb in 1.5 M Mg(BH4)> + 0.5 M
MgCl, in TG electrolyte is 2-5x107'* ¢m?/s, which is in the same range to 4-7x10"'* cm?/s
determined in 0.5 M MACC/TG from CV and potential step experiment. The only difference
between these two electrolytes is the appearance of Al ion in the MACC/TG system, which

result in a different value of diffusion coefficient.
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Figure Al. 5: Plot of transient Charge (Q? vs. t) for Mg alloying at different potentials (from 0 V
to 0.4 V) into Mg layers. The slope of linear area is used for calculation of the diffusions
coefficient at 0 V. (~35 nmol/cm?; surface area: 0.785 cm?)
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---0.1V120s
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Figure A1l. 6: Plot of transient Charge (Q? vs. t) for Mg De-alloying. (~35 nmol/cm?; surface
area: 0.785 cm?)
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Table Al. 1: Dependence of Mg insertion (black) /de-insertion (red) integrated charges
(mC/cm?) during the potential step experiments on potential of insertion, the ratio between Sb
and Mg (bleu) and the diffusions coefficient of alloying and (de-alloying) (green, cm?/s). (~35

nmol cm™ Sb on Au and Surface area was 0.785 cm?)

Time of | 0V 0.1V 0.1V 0.2V 03V 04V
insertion(s) (control)
60 5.56/5.43 4,50/4.06 3.42/3.29 2.36/2.22 1.22/1.12
0.81 0.65 0.50 0.35 0.18
120 7.93/7.72 6.60/6.33 5.52/5.40 4.01/3.92 1.63/1.57
1.15 0.96 0.81 0.59 0.24
300 9.44/9.15 8.26/8.14 |8.17/8.12 6.18/5.96 5.52/5.48 3.53/3.48
1.38 1.21 1.21 0.90 0.81 0.52
2.85 2.19(3.22) [2.03 (2.58) | 1.83 (2.16) | 1.03
(3.38) (1.07)
3600 (1 h) 10.30
1.52
3.42 (4.55)
0.4 n
0.3 ]
g 0.2 ]
L Equation y=a+b*x
1| weignt No Weightin
0.1- Residufal 0.00254
. Sum o
;aj.m}?iréquar 0.9661
Value Standard Err
Intercept -0.3738 0.05507
0.04 E Slope ’ -0.4429 0.0413 .
-1.8 -1.6 -1.4 -1.2 1.0 -0.8
Log | (A)

Figure Al. 7: Tafel plot of the overpotential versus the limited current for each jump potential.
From the linear fitting the Tafel slop is determined to be 443 mV/decade, this value is higher

than the usual value for kinetically controlled charge transfer, which is 120 mV/decade.
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A 2: Mg deposition and alloying on Sb modified Au-Electrode in Mg(TFSI):-based

electrolyte in TG
0.5 0.104
97 mC 0.5 M Mg(TFSI), in TG
/
001 = 0.05 -
81 MG 27 mC =
= €
T 051 = ——
= 0.001 — 9mC
o0y [ 1B C Mg(TFSI),+ 6 mM Mg(BH ). in TG a
0.5M Mg +6 mM Mg in 00s
2 /2 0.05 40 mC
-0'.5 0?0 075 110 1?5 2?0 2?5 OTO OTS 1?0 1?5 2t0 2?5
E(V vs. Mg) E (V vs. Mg)

Figure A2. 1: CVs for electrochemical magnesium alloying and deposition on Sb in a three
electrode cell with 10 mV/s. left): 0.5 M Mg(TFSI)2 + 6 mM Mg(BHa)2 in TG; right: 0.5 M
Mg(TFSI)2 in TG. AE: Sb modified Au; CE and RE: Mg. Black arrows show the direction of
the scan and red arrows show peaks area related to the charge.

The electrochemical deposition of magnesium in Mg(TFSI)2/TG shows very low current
density and very high overpotential. So we try to enhance the electrochemical performance by
using the Sb and Bi alloy compounds with Mg as anode materials. Figure A 2.1 shows the
magnesium alloying and deposition onto Sb-modified Au electrode. It could be seen that with
the addition of 6 mM Mg(BHa4) the coulombic efficiency for the magnesiation of Sb increase
to 33 % in comparison with 22 % without Mg(BH4)2. The CVs for magnesium alloying and

deposition with Bi have been shown in Figure A 2.1.

A 3: EC-STM measurement for Mg deposition and alloying on Bi-modified Au-Electrode
in MACC/TG (150 nmol/cm? Bi)

A freshly deposited Bi layer (120 nmol/cm?) on a Au(111) single crystal electrode was first
prepared in an aqueous electrolyte and then transferred into the glove box for Mg deposition
and alloying. Figure A3.1 shows the CV for Mg deposition and alloying on Bi-modified Au
(111)-electrode in 0.5 M MACC/TG in a EC-STM cell. The current transient in EC-STM cell
shows similar shape to the CV recorded in H-cell. The negative current at -0.5 V vs. Ag is due

to the oxygen in the Glovebox.
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Figure A3. 1: CV for Mg deposition and alloying with Bi on Au(111) electrode in 0.5 M
MACC/TG in a EC-STM cell.

In Figure A 3.2 STM images for the electrochemical deposition and alloying of Mg with Bi on
the Au(111)- single electrode by EC-STM measurement are shown. The experiment starts at
OCP and recorded the STM image, then the potential was swept to -3.0 V vs. Ag for Mg bulk
deposition followed by sweeping back to -1.0 V vs. Ag for Mg dissolution and recorded the
STM images.

The Bi particles were clearly observed on the Au(111) electrode at OCP and a large smooth
surface on the top of mountains in the 3D images (fig. A 3.2 a and a’) is seen. It is seen that in
fig. A3.2 b the surface was getting rough, which might be due to the Al deposition or some side
reactions. Then the tip was retracted and the potential was swept to -3.0 V (where the Mg
deposition occurs) and then back to -1.0 V (where the Mg dissolution occurs.) The images ¢
and d show clearly that the crystalline structure of Bi disappeared after the Mg
deposition/dissolution (as well as their alloying/de-alloying) process. It shows same results

which is shown in Fig 6.11-6.13 with the amount of Bi 233 nmol/cm?.
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Figure A3. 2: STM images of Mg alloying at Bi modified Au(111) surface in 0.5 M MACC/TG
electrolyte. (a) at open circuit potential of -0.5 V vs. Ag/AgCl, (b) potential hold at -1.0 V vs.
Ag/AgCI (new approach), (c) and (d) sweep to -3.0 V and back to -1.0 V. a’, b’, ¢/, and d’ show
the corresponding 3D images, respectively. Sample bias of 50 mV, set point = 2 nA. Integral
gain: 6 and proportional gain: 8. Arrows indicate scan direction.
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A 4: Calcium alloying in Sn-modified Electrode in Ca(TFSI): + TG based Electrolyte

No reversible Ca bulk deposition/dissolution in Ca(TFSI)2/TG was observed because of very
high overpotential and the low stability of TFSI- ion. Here, the Sb modified Au electrode was
used to check the Ca alloying/de-alloying in this electrolyte. In Figure A 4.1 the CVs for Ca
alloying with Sb in 0.5 M Ca(TFSI)>/TG with sweep rate of 10 mV/s between -1.0 Vand 2.5V
were shown. In the cathodic sweep the current decrease at 0.5 V, which might be due to the Ca
alloying with Sb. However, no peak for the Ca de-alloying in the anodic sweep is observed. The
current decrease very fast even at the second cycles due to the decomposition of TFSI™ ion,
which was observed for the Mg deposition. 2! Furthermore, a complex formed from the TG
molecule and the TFSI” anion deactivate the electrode. [*! A additive of 0.1 M Ca(BH4), in the
electrolyte has no influence of the electrochemical performance of Ca alloying/de-alloying in

0.5 M Ca(TFSI)2/TG electrolyte.

Ca alloying with Sb
0.24 0.5MCa(TFSIl), in TG

Schwarz: 10 mV/s

-0.4 —— T T T T
-10 -05 00 05 1.0 15 20 25

E (V vs. Mg)

Figure A4. 1: Cyclovoltamogramm of Ca alloying with Sb in 0.5 M Ca(TFSI)2/TG with 10
mV/s and 50 mV/s. AE: Au; CE and RE: Ca.

A 5: Ca deposition and alloying on Sn-modified Au-Electrode in 1.5 M Ca(BH4)2/THF

In Figure AS5.1 the electrochemical alloying and deposition of Ca into Sn-modified (~170
nmol/cm?) electrode with 50 mV/s is shown. The measurement started at -1.5 V vs. Ag/Ag’ in
cathodic direction. At the potential below -2.80 V vs. Ag/Ag" the cathodic current increases
significantly due to Ca bulk deposition. With a Sn modified electrode a cathodic current in the
form of a shoulder for the magnesium alloying was observed at about -1.95 V vs. Ag/Ag" (which
means 800 mV more positive than without Sn on the Au surface) The coulombic efticiency for
Ca bulk deposition/dissolution is 95% and for the Ca alloying/de-alloying is 60 %. We attribute

that the low coulombic efficiency is due to the side reactions. From the thermodynamic data of
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the CaSn3 compound the theoretic potential for the formation of CaSns is calculated to be 900
mV vs. Ca/Ca*" according to the following reaction equation:

3Sn+Ca+2e — CaSn3 (eq. AS5.1)
The ratio between the alloyed Ca and the deposited Sn is 0.07, which significantly less than the
theoretic value of 0.33, which indicates 50 mV/s is a relative high sweep and not long enough
for the saturation of Mg alloying. Otherwise, the electrolyte is decomposed at the same time as

the Ca alloying, which consuming the charge for calculation of the coulombic efficiency.
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Figure AS5. 1: CVs for electrochemical calcium deposition and alloying in a 1.5 M
Ca(BH4)>/THF electrolytes in a three electrode cell with 50 mV/s. AE: Sn on Au; CE: Mg. RE:
0.1 M AgNOs in MeCN. (~170 nmol/cm?)

The diffusion coefficient can be estimated by using Randles-Sevchik equation for irreversible
and semi-infinite diffusion. The deposited Sn is about ~170 nmol/cm?. The Cyclic
voltammograms were obtained by scan rates from 5 to 50 mV/s between -2.85 Vto 1.75 V vs.
Ag/Ag" at room temperature. (See Figure A 5.2a) The height of peaks current is approximately
proportional to v* at a relatedly high scan rate for both alloying and de-alloying. (Figure A
5.2b)The diffusions coefficient was calculated to be 4.4 x 107'* cm?/s for alloying with an, =

0.5. (Here, the theoretical value for the concentration of Ca in CaSn3 is 0.015 mol/cm® was used)
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Figure AS. 2: a) Cyclic voltammograms of Ca alloying with Sn modified Au electrode in 1.5 M

12
Ca(BH4)>/THF at different sweep rates from 5 to 50 mV s™'. b): Plot of i (peak current) vs. v
(square root of scan rate). AE: Sn on Au; CE: Mg; RE: 0.1 M AgNO3 in MeCN. (~170 nmol
cm™ Sn on Au and Surface area was 0.785 cm?)

Then the diffusion coefficient was estimated by potential step experiment. In figures Fig. A 5.3a.
Fig. A 5.3b the transients during alloying and de-alloying for the various potential from 0 V to
0.25 V of alloying for 5 min are shown. It could be seen that the current for the alloying process

drops directly after the double layer charging for all the periods.
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Figure AS. 3: the potential steps experiment for a) Ca alloying and b) Ca de-alloying with Sn
electrode out of a 1.5 M Ca(BH4)/THF electrolyte at 0 V to 0.25 V respectively. AE: Sn on Au;
CE: Mg; RE: 0.1 M AgNOs in MeCN. (~ 170 nmol cm™ Sn on Au and Surface area was 0.785
cm?)

The charge density for alloying and de-alloying of Ca with Sn are summarized in table A 5.1
together with coulombic efficiency, the ratio between the deposited Sn and the alloyed Ca, and
the estimated diffusion coefficient. D can then be calculated from the slope as shown in Fig.
A5.4 for alloying where we plotted Q? vs t for a better comparison of the time range of the
linear range with the original transients in fig. A 5.3. The estimated diffusion coefficient is 3-

5%107"* cm?/s.
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Figure AS. 4: Plot of transient Q? vs. t for Ca alloying at different potentials (from 0 V to 0.25
V) with the alloying time 5 min into Sn layers. (Sn: ~170 nm/cm?; surface area: 0.785 cm?)

Table AS. 1: Dependence of Ca alloying/de-alloying integrated charges (The steady states
current at t (5 min) was subtracted for alloying) during the potential step experiments, the
corresponding coulombic efficiencies, the ratio between Sn and Mg and the diffusion
coefficients. (~170 nmol cm™ Sb on Au and Surface area was 0.785 cm?)

Potential Charge Charge Ratio of Mg:Sb | D /10"

(Vvs.Mg) [(mC/cm?) (mC/cm?) | for alloying and | 3cm?/s)
(cath.5min) (anod. S| [de-alloying] of | Alloying
(corr. value) min) 10 min

0 11.6 (4.06)  [2.96 0.12[0.09] [4.81

0.05 597 (2.36) [1.98 0.07[0.76] |[3.24

0.1 3.93 (1.77) 1.15 0.0510.03] 2.17

0.15 2.65 (1.09) 0.70 0.03 [0.02] 0.99

0.2 n.d. n.d. n.d. n.d.

0.25 n.d. n.d. n.d. n.d.

0 (control) [8.27 (3.23)  [2.19 0.10 (0.07) [1.31
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