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Switching	
  the	
  Working	
  Ion	
  to	
  Mg	
  and	
  to	
  Metals	
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Advantages	
  of	
  Mg:	
  
•  divalency	
  
•  high	
  density	
  
•  less	
  electroposi:ve	
  
•  non-­‐dendri:c	
  deposi:on,	
  99.9%	
  CE	
  

demonstrated	
  
•  cost	
  &	
  availability	
  

Anode	
   Ah/L	
  
$/1000	
  kg	
  
metal1	
   V	
  vs.	
  SHE	
  

LiC6	
   818	
   $	
  396002	
   -­‐2.9	
  
Li	
   2026	
   $	
  396002	
   -­‐3.1	
  
Mg	
   3840	
   $	
  2700	
   -­‐2.4	
  
Ca	
   2090	
   $	
  3500	
   -­‐2.9	
  

Cell:	
  	
  3	
  V	
  inser:on	
  cathode	
  (750	
  
Wh/kg),	
   	
  50%	
  	
  excess	
  Mg	
  	
  
Outcomes:	
  $100	
  /kWh,	
  500	
  Wh/l	
  

1Bulk	
  prices	
  from	
  alibaba.com	
  
2Based	
  on	
  Li2CO3	
  price	
  of	
  $7500	
  	
  

Disadvantages	
  of	
  Mg:	
  
•  relevant	
  rate	
  anode	
  morphology	
  is	
  unknown	
  
•  electrolytes	
  compa:ble	
  with	
  high	
  voltage	
  cathodes	
  
•  viable	
  high	
  voltage	
  cathodes	
  do	
  not	
  exist	
  -­‐	
  mobility	
  

K.	
  Gallagher,	
  Energy	
  
Environ	
  Sci	
  2014	
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Technical	
  challenge	
  
•  Develop	
  and	
  implement	
  the	
  design	
  rules	
  necessary	
  to	
  achieve	
  Mg	
  (Ca,	
  Al,	
  ...)	
  cycling	
  

for	
  103	
  cycles	
  at	
  >99.9%	
  Coulombic	
  efficiency	
  at	
  relevant	
  rates	
  &	
  capaci:es	
  	
  

Science	
  challenges	
  and	
  research	
  	
  
•  Efficient	
  ca:on	
  desolva:on	
  
•  Efficient	
  ca:on	
  accommoda:on	
  
•  Electrolyte	
  stability	
  
•  Metastability	
  -­‐	
  Ac:va:on,	
  Corrosion,	
  Protec:on	
  

Li	
   Mg	
  

LiClO4	
  in	
  PC	
   Mg(ClO4)2	
  in	
  PC	
  

Desolva(on	
  

Accommoda(on	
  	
  

Li	
  vs.	
  Mg	
  Anode	
  Pla5ng	
  

Large	
  desolva5on	
  energy	
  

Mg2+	
  blocking	
  film	
  
Mild	
  desolva5on	
  energy	
  
High	
  Li+	
  mobility	
  SEI	
  

Mg2+	
  

Metal	
  Anode	
  Challenges	
  

morphology	
  control	
   morphology	
  control	
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Anode	
  Dimensional	
  Control	
  is	
  Required	
  at	
  High	
  
Rates	
  

Magnesium	
  -­‐	
  MXy	
   	
  	
   	
  	
  
target	
  areal	
  capacity	
   6	
  	
  mAh/cm2	
  
anode	
  ac:ve	
  loading	
   2.7	
  	
  mg/cm2	
  
anode	
  thickness	
   16	
  	
  µm	
  
cathode	
  specific	
  capacity	
   250	
  	
  mAh/g	
  
cathode	
  ac:ve	
  loading	
   24	
  	
  mg/cm2	
  

cathode	
  thickness	
   100	
  	
  µm	
  

large	
  quan*ty	
  of	
  
metal	
  to	
  move!	
  

Pulse	
  power	
  c.d.	
   6	
  	
  mA/cm2	
  
Cont.	
  power	
  c.d.	
   0.9	
  	
  mA/cm2	
  
L3	
  charger	
  c.d.	
   3.6	
  	
  mA/cm2	
  
Super	
  charger	
  c.d.	
   7.2	
  	
  mA/cm2	
  

6	
  mA/cm2	
  of	
  Mg	
  

high	
  rates	
  of	
  metal	
  
transforma*on!	
  

16	
  µm	
  of	
  Mg	
  

$100/kWh,	
  100	
  kWh	
  baeery,	
  100	
  kW	
  pulse,	
  15	
  kW	
  con:nuous,	
  60	
  kW	
  charge,	
  120	
  kW	
  fast	
  charge	
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Key	
  Messages	
  

•  Surface	
  films	
  form	
  in	
  100’s	
  of	
  seconds	
  –	
  open	
  circuit	
  equilibra:on	
  

•  These	
  films	
  are	
  not	
  benign	
  –	
  they	
  direct	
  structure	
  evolu:on	
  

•  Repeated	
  exposure	
  of	
  the	
  dissolu:on	
  front	
  creates	
  a	
  structurally	
  complex	
  interface	
  

•  Film	
  and	
  electrolyte	
  incorpora:on,	
  voiding,	
  and	
  porosity	
  

•  Efficiency	
  is	
  not	
  changed	
  over	
  limited	
  (50)	
  con:nuous	
  cycles	
  

•  Periodic	
  equilibra:on	
  interrupts	
  during	
  cycling	
  magnifies	
  structural	
  evolu:on	
  

•  Performance	
  degrades	
  -­‐	
  1-­‐2%	
  decrease	
  in	
  efficiency	
  	
  

•  Stranded	
  Mg	
  –	
  electrical	
  and	
  structurally	
  isolated	
  	
  



Organic	
  vs.	
  Inorganic	
  Mg	
  Chloroaluminate	
  Electrolytes	
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2MgCl2	
  +	
  AlCl3	
  "	
  Mg2Cl3+	
  +	
  AlCl4-­‐	
  

ηnucl	
  

increased	
  CE	
  

Al	
  dep	
  

Magnesium	
  Aluminum	
  Chloride	
  Complex	
  
(MACC):	
  	
  2	
  MgCl2:AlCl3	
  in	
  THF	
  or	
  DME	
  	
  
R.	
  Doe	
  et	
  al.,	
  Chem	
  Comm	
  2014	
  

Mul:mers	
  define	
  bulk	
  specia:on	
  Mg2Cl3+(THF)n	
  

T.	
  Liu	
  et	
  al.,	
  J.	
  Mater.	
  
Chem.	
  A,	
  2014	
   C.	
  Barile	
  et	
  al.,	
  J	
  Phys	
  Chem	
  C	
  2014	
  

All	
  Phenyl	
  Complex	
  (APC):	
  	
  2	
  PhMgCl:AlCl3	
  
in	
  THF	
  	
  
D.	
  Aurbach	
  et	
  al.,	
  Energy	
  Environ	
  Sci	
  2013	
  

9PhMgCl	
  +	
  4.5AlCl3	
  "	
  Ph4Al-­‐	
  +	
  2Ph2AlCl2-­‐	
  
+	
  PhAlCl3-­‐	
  +	
  0.5AlCl4-­‐	
  +	
  4.5Mg2Cl3+	
  

Mg:Al	
  increases	
  from	
  2	
  to	
  2.6	
  

a specic conductivity of 2 mS cm!1 at room temperature.
Fig. 9a shows a comparison between APC (red) and DCC (black).

A full cell operation with Mo6S8 CP cathodes and APC as an
electrolyte solution has already been successfully demonstrated,
but the operational voltage of the CP cathode (max. 2 V vs.Mg) is
too narrow to demonstrate the widened voltage window of APC.
It has been reported that Li+ species can be introduced into Mg
complex electrolytes through the reaction with LiCl.27 Here, we
provide proof of the wide voltagewindow of APC by the reversible
intercalation of Li+ into V2O5 in 0.25 M APC (2 : 1) with 0.25M of
LiCl (Fig. 9b). From the cyclic voltammogram of V2O5 electrodes
in APC solutions containing Li ions, two characteristic Li ion
insertion peaks are clearly seen. The open circuit potential was
2.55 V vs. Mg/Mg2+ and the specic capacity was 120–130 mA h
g!1, which is close to the expected values for 1 equivalent lith-
iation of V2O5. On the other hand, there was no signicant
intercalation reaction at 0.5 < E < 2.75 V vs. Mg/Mg2+ in the
absence of LiCl. A similar result was obtained for carbon-coated
LiFe0.2Mn0.8PO4. Some signicant arguments can be derived
from this observation: (1) metal oxides themselves are stable in
APC electrolytes, (2) a Mg complex salt is readily dissociated in
these solutions to deliver Mg2+ to a Mo6S8 CP cathode, but the
degree of dissociation is much smaller for oxides, and (3) the
most substantial problem to be solved for the integration of high
voltage Mg cathodes into 3 V class electrolytes is the hardly

dissociable nature of the Mg complex salt, especially near the
oxide surface. In any case, this method can be generally applied
for 3 V class electrolyte solutions to verify their basic and
intrinsic compatibility with high voltage cathodes.

A rigorous study on the identication of the equilibrium
species in APC solutions was done by Pour et al.55 The identi-
cation was carried out by Raman spectroscopy, multinuclear
NMR and single-crystal XRD analyses, in conjunction with DFT
quantum mechanical calculations. It was established that there
is a correlation between the chemical and the electrochemical
characteristics of the solution, and their constituents in DCC
solutions.21,27,54 Therefore, identication of the equilibrium
species is of great importance. One of the challenges of their
work was to establish a comprehensive reference spectra library,
as there was no spectral database available for the equilibrium
species in APC. It was concluded that, in accordance with the
conclusions drawn in Section 3.1, APC complex solutions are
formed via a full trans-metallation reaction between the Lewis
base, PhMgCl, and the Lewis acid, AlCl3. In principle, there is an
exchange of ligands between the Mg and Al species forming
ionic species and neutral molecules, such as Mg2Cl3+$6THF,
MgCl2$4THF, and PhyAlCl4!y (0 # y # 4). Fig. 9c shows the
Raman spectra of a standard APC solution (PhMgCl (0.5 M) +
AlCl3 (0.25 M)). This spectrum reects the coexistence of a wide
variety of aluminum species with Mg2Cl3+ as the major

Fig. 9 (a) Comparative cyclic voltammograms of APC and DCC electrolyte solutions on Pt electrodes (ref. 4), (b) operation of V2O5 electrodes in an APC electrolyte
solution with/without the addition of LiCl, (c) Raman spectrum of APC solutions (ref. 55), and (d) the structures of two kinds of crystals deposited from APC solutions at
low temperatures, analyzed by single crystal XRD and spectroscopy.

2274 | Energy Environ. Sci., 2013, 6, 2265–2279 This journal is ª The Royal Society of Chemistry 2013
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Re-­‐nuclea5on	
  is	
  required	
  at	
  the	
  filmed	
  Mg	
  interface	
  

7	
  

Pt	
  
Mg	
  
1800	
  s	
  	
  Mg	
  

Mg	
  on	
  clean	
  Au	
  Mg	
  on	
  1800	
  s	
  equilibrated	
  Mg	
  

Mg2Cl3(THF)	
  PhAlCl3	
  

ηnucl	
   ηnucl	
  

Pt	
  
Mg	
  
1800	
  s	
  	
  Mg	
  

N.	
  Hahn	
  	
  et	
  al.	
  2015	
  submieed	
  

Mg2Cl3(THF)	
  AlCl4	
  



The	
  filmed	
  interface	
  directs	
  subsequent	
  Mg	
  growth	
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Surface	
  films	
  form	
  in	
  chloroaluminate	
  electrolytes	
  
•  Protec:ve	
  –	
  reduce	
  self-­‐discharge	
  to	
  <	
  2	
  nm/hr	
  	
  
•  Direc:ve	
  –	
  direct	
  morphology	
  development	
  of	
  the	
  subsequent	
  Mg	
  deposit	
  
•  Disrup:ve	
  –	
  filmed	
  interface	
  incorporates	
  -­‐	
  mechanical	
  flaws	
  within	
  the	
  deposit	
  
•  May	
  contribute	
  to	
  incoherent	
  Mg	
  deposi:on	
  observed	
  in	
  JCESR	
  Mg	
  prototype	
  cells	
  

N.	
  Hahn	
  	
  et	
  al.	
  2015	
  submieed	
  

stripping	
  

500	
  nm	
  

film	
  interlayer	
  -­‐	
  EDS	
  (Cl,	
  O,	
  C,	
  Al)	
  

isotropic	
  

columnar	
  

100	
  nm	
   1800	
  s	
  

5	
  s	
  

Lo
se
	
  te

xt
ur
e	
  
w
ith

	
  fi
lm

	
  fo
rm

a5
on

	
  



Quan5fying	
  the	
  Impact	
  of	
  Surface	
  Films	
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Coulombic	
  Efficiency1	
  

Electrolyte	
   Single	
  cycle	
   50	
  cycles	
  con5nuous	
  
50	
  cycles	
  with	
  1800	
  s	
  

interrupt	
  

APC	
   99.5	
   99.3	
   97.4	
  

MACC	
   99.2	
   99.2	
   98.1	
  
1±0.1	
  %	
  found	
  for	
  3	
  to	
  6	
  replicate	
  runs	
  of	
  single	
  cycle	
  chronopoten:ometric	
  
:tra:on	
  	
  

Efficiency	
  is	
  maintained	
  with	
  con:nuous	
  
cycling	
  
	
  
Efficiency	
  is	
  decreased	
  with	
  introduced	
  open	
  
circuit	
  equilibra:on	
  –	
  mimics	
  a	
  prac:cal	
  use	
  
profile	
  

Con:nuous	
  
Interrupt	
  

deposit	
  

strip	
  



Performance	
  signatures	
  exist	
  for	
  changes	
  in	
  
morphology/structure	
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Po
te
n:

al
	
  (V

	
  v
s.
	
  M

g)
	
  

Mg	
  Thickness	
  (µm)	
  

Filmed	
  interface	
  evolves	
  with	
  cycling	
  	
  

50	
  cycles	
  @	
  2	
  mA/cm2	
  	
  
5	
  µm	
  base	
  layer	
  

1	
  µm	
  overlayer	
  

N.	
  Hahn	
  	
  et	
  al.	
  2015	
  submieed	
  

cycle	
  1	
  

Increased	
  polariza:on	
  with	
  
repeated	
  exposure	
  of	
  the	
  
dissolu:on	
  front	
  

cycle	
  50	
  
Reduced	
  polariza:on	
  for	
  ini:al	
  
Mg	
  redeposi:on	
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Mg	
  deposi5on	
  and	
  dissolu5on	
  are	
  asymmetric	
  
processes	
  in	
  the	
  chloroaluminates	
  

nanostructure	
  evolves	
  on	
  the	
  facets	
  during	
  dissolu:on	
  at	
  2	
  mA/cm2	
  

star:ng	
  point	
  for	
  cycling:	
  enhanced	
  surface	
  area	
  –	
  lower	
  true	
  current	
  density	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
increased	
  defects	
  –	
  enhanced	
  nuclea:on	
  &	
  early	
  stage	
  growth	
  



Evolu5on	
  of	
  the	
  Interface	
  in	
  MACC	
  with	
  Con5nuous	
  
Cycling	
  

12	
  

200	
  nm	
  

2	
  cycles	
  

100	
  nm	
  

1	
  cycle	
  

200	
  nm	
  

49	
  cycles	
  

EDS	
  map	
  

100	
  nm	
  

Mg,	
  Mg-­‐Cl-­‐O-­‐Al	
  

pseudo-­‐con5nuous	
  growth	
  

N.	
  Hahn	
  	
  et	
  al.	
  2015	
  submieed	
  

redeposit	
  

base	
  

Similar	
  trends	
  
seen	
  for	
  APC	
  

re-­‐nucleated,	
  porous	
  growth	
  
200	
  nm	
  



Discon5nuous	
  cycling	
  produces	
  stranded	
  Mg	
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MACC:	
  @	
  50	
  cycles	
  with	
  30	
  
min	
  interrupt	
  	
  	
  

APC	
  @	
  50	
  cycles	
  with	
  30	
  min	
  interrupt	
  

Layers	
  below	
  interface	
  	
  

100	
  nm	
  500	
  nm	
  

Red	
  =	
  Mg	
  
Green	
  =	
  Al,	
  O,	
  Mn,	
  Zn	
  

100	
  nm	
  
Interrupt	
  interface	
  

100	
  nm	
  

Spa:al	
  varia:on	
  in	
  extent	
  
deposi:on	
  and	
  dissolu:on	
  

Mg	
  is	
  stranded	
  at	
  a	
  increasingly	
  
complex	
  interrupt	
  interface	
  

500	
  nm	
  

1	
  µm	
  

ac
cu
m
ul
a:

on
	
  

de
pl
e:

on
	
  



Dissolu5on	
  morphology	
  appears	
  independent	
  of	
  rate	
  
within	
  the	
  relevant	
  current	
  density	
  window	
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-­‐	
  50	
  nm	
   -­‐	
  100	
  nm	
  

2	
  mA/cm2	
  	
   1	
  mA/cm2	
  	
  
MACC:	
  2	
  µm	
  Mg:Au	
  strip	
  200	
  nm	
  	
  

0.5	
  mA/cm2	
  	
  

APC:	
  1	
  µm	
  Mg:Au	
  high	
  rate	
  strip	
  (6	
  mA/cm2)	
  

increasing	
  facet	
  a@ack	
  

coarse	
  to	
  fine	
  

1	
  µm	
  

1	
  µm	
  



Kine5c	
  roughening	
  is	
  an	
  a@ribute	
  of	
  slow	
  complexa5on	
  
reac5on	
  for	
  Mg2+solv	
  

15	
  

Mg	
  "	
  Mg2+ads	
  	
  
Mg2+ads	
  +	
  2G2	
  "	
  Mg2+:2G2	
  

	
  Mg2+:2G2	
  +	
  TFSI-­‐	
  D	
  MgTFSI+:G2	
  +	
  G2	
  	
  

200	
  nm	
  strip	
   MgTFSI2:Diglyme	
  @	
  1.4	
  mA/cm2	
  MACC:THF	
  @	
  2	
  mA/cm2	
  

Mg	
  "	
  Mg2+ads	
  	
  
Mg2+ads	
  +	
  Cl-­‐	
  +	
  nTHF	
  "	
  MgCl+:THFn	
  

MgCl2	
  D	
  MgCl+	
  +	
  Cl-­‐	
  
	
  2MgCl+:THFn	
  +	
  Cl-­‐	
  +	
  nTHF	
  D	
  Mg2Cl3+:THFn	
   G2	
  

chela:on	
  
of	
  Mg2+	
  



Loss	
  of	
  mechanical	
  cohesion	
  of	
  Mg	
  –	
  capacity	
  loss	
  
through	
  electrical	
  isola5on	
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Chloroaluminate	
  electrolyte	
  can	
  fail	
  with	
  cycling	
  

0.45	
  

0.65	
  

0.85	
  

1.05	
  

1.25	
  

1.45	
  

1.65	
  

1.85	
  

0	
   50	
   100	
   150	
   200	
   250	
   300	
   350	
  

Ce
ll	
  
Po

te
n5

al
	
  (V

)	
  

Time	
  (hr)	
  

Mg|Mg2+,	
  APC	
  |	
  Mo6S8	
  

B.	
  Perdue,	
  SNL	
  

Mg	
  anode	
  aser	
  cycling	
  

Anode	
  side	
  of	
  separator	
  aser	
  cycling	
  



Conclusions	
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•  Surface	
  films	
  form	
  in	
  100’s	
  of	
  seconds	
  –	
  open	
  circuit	
  equilibra:on	
  

•  These	
  films	
  are	
  not	
  benign	
  –	
  they	
  direct	
  structure	
  evolu:on	
  

•  Repeated	
  exposure	
  of	
  the	
  dissolu:on	
  front	
  creates	
  a	
  structurally	
  complex	
  interface	
  

•  Film	
  and	
  electrolyte	
  incorpora:on,	
  voiding,	
  and	
  porosity	
  

•  Efficiency	
  is	
  not	
  changed	
  over	
  limited	
  (50)	
  con:nuous	
  cycles	
  

•  Periodic	
  equilibra:on	
  interrupts	
  during	
  cycling	
  magnifies	
  structural	
  evolu:on	
  

•  Performance	
  degrades	
  -­‐	
  1-­‐2%	
  decrease	
  in	
  efficiency	
  	
  

•  Stranded	
  Mg	
  –	
  electrical	
  and	
  structurally	
  isolated	
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