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We report a design of high voltage magnesium-lithium (Mg-Li)
hybrid batteries through rational controls of the electrolyte
chemistry, electrode materials and cell architectures. Prototype
devices with a structure of Mg/LiFePO, and Mg/LiMn,0, have
been investigated. Mg/LiFePO, cell using a dual-salt electrolyte
0.2M [Mg,Cl,(DME),][AICI,], and 1.0M LiTFSI exhibit voltages
higher than 2.5 V (vs. Mg) and a high specific energy density of 246
Wh/kg under conditions that are amenable for practical
applications. The successful demonstrations reported here could
be a significant step forward for practical hybrid batteries.

The continuous increasing demands on the low cost, high
density energy storage system and resolving of the grand
environment challenges require battery designs that are
beyond the scope of conventional lithium-ion batteries (LIB).
Among the post LIB storage technologies, magnesium (Mg)
batteries hold particular promises for reaching the high
performance requirements due to its intrinsic safety, natural
abundance and the high capacity of Mg metal.” 2 When used
as an anode, Mg metal has a low standard electrode potential
(-2.37 V vs SHE) and fast deposition/stripping kinetics with
nearly 100% reversibility without formation of dendritic
structures.’ It also has much higher volumetric energy density
(3832 mAh/cm3) than Li metal anode.* Overall, Mg batteries
have attracted considerable interests over the past years and
substantial progresses, particularly on advanced electrolytes
with improved stability and Mg ions transport mechanism
within host materials, have been demonstrated.” °7 The
practical applications of Mg, however, are still facing great
challenges, largely due to limited success on high voltage
devices with Mg2+ ion intercalation.®™* By far, only the Chevrel
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phase compounds show good Mg ions intercalation
characteristics and stability.lz‘ 13 Several recent attempts with
new cathode materials (V,0s, WeS,, TiS,, graphene-like MoS,,
and MnO,, MgCoSiO,etc.) show good promises for the future
but substantial works are still required to fully understand and
control the behavior.'” 8 These facts significantly restrict
practical implementations of Mg metals for rechargeable
batteries.

One of the viable strategies of utilizing Mg metals for
rechargeable batteries is the design of hybrid systems,
particularly through the use of well-established cathode
materials from LIBs. This type of battery has a structure that
has been outlined in several previous works, and has Mg metal
anodes, Li-intercalation cathodes and dual salt electrolytes
containing both Mg and Li ions.””?° such a design is attractive
it has remarkable potentials of combining the
advantages of Mg metal (safety and low cost) and Li*
intercalation cathode (fast kinetics and high voltage). In fact,
this battery systems have been under intensive research over
the past few years.20 These works have documented devices
with remarkable rate capability and cyclic stability but almost
all of them are based on low voltage cathodes such as
Mosss,w’ 22 TiSZ,B‘ * and Li4Ti5012.25 The use of low voltage
materials mitigate the challenges associated with Mg
electrolytes, such as corrosion of current collectors and side
reactions/ decomposition reactions at the electrode-
electrolyte interface. Previous attempts with high voltage
cathode materials, such as LiFePO,, were mostly unsuccessful
due to limited electrochemical window of electrolytes, poor
control over the electrolyte-electrode interface and cell
architecture design, which overall resulted in a very low
Coulombic efficiency at high voltages.20 More recently,
attempt of applying solid state electrolyte (LISICON) to Mg/Li
hybrid battery for mitigating problems listed above has been
reported. However, the adopting LISICON to Mg-Li hybrid
battery will bring a set of different technical problems
associated with solid state electrolytes, which still face
overwhelming technical challenges for the practical
application.26 Analogue to Mg-Li hybrid battery, Ichitsubo et
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al. has proposed “rocking-chair type” Mg-Li dual-salt battery
concept and demonstrated at an elevated temperature of
150°C, where Mg2+ and Li* ions can both act as charge carriers
for the anode and cathode via Mg/Li alloy(anode) and
MgZJ'/Li+ co-intercalation (cathode).27

In this paper we outline our approach on hybrid batteries
with high voltage lithium ion cathode materials. This is based
on a series of works we demonstrated recently, including the
use of molybdenum metal (Mo) as the electrochemically stable
current collector and dimagnesiumdichloro dimer complex
cation (DMDC, Mg,(u-Cl),(DME),, DME=dimethoxyethane)
based electrolytes.s' % The electrolytes with DMDC cation have
remarkable activity and high stable voltage window (>3.4 V vs
Mg) and bring exciting opportunities for the design of high
voltage Mg based batteries.” % In our experiment, we first
examined the solvation behavior of a series lithium salts of
LiAICl,, LiTFSI (TFSI = bis(trifluoromethane)sulfonimide), LiCl
and LiPF¢ in 0.2M DMDC with a targeted Li" ion concentration
of 0.4 M. We found that while LiCl and LiPFs were not able to
be dissolved completely, clear and transparent solutions were
obtained with LiAICl, and LiTFSI (Figure S1). Attempts with
higher concentrations of LiAICl, was unsuccessful, while LiTFSI
had remarkable solubility (even with 2.0 M) in this particular
electrolyte and was therefore used in this work because the
electrolyte concentration is of a critical importance for hybrid
batteries.
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Figure 1(a) Cyclic voltammogram of Mg electrolyte and Mg-Li dual-
salt electrolytes (with either 0.4M LiAICl, or 1.0M LiTFSI) in DME
solution. (b) 25Mg NMR spectra of Mg electrolyte and Mg-Li dual-
salt electrolytes. The addition of Li salts didn’t affect the reversible
deposition/stripping properties and the Mg chemical environment
in the electrolytes.

The addition of LIAICI, and LiTFSI to the Mg electrolyte did
not change the electrochemical properties and the chemical
properties of Mg ions. Figure la shows a set of cyclic
voltammogram (CV) of electrolytes without and with Li salts,
acquired with a three-electrode setup using a Pt (lmm in
diameter) working electrode and two pieces of Mg strips as
the reference and the counter electrode, respectively. All of
these electrolytes have voltage windows of ~ 3.4V vs. Mg and
the reversible deposition and stripping properties of Mg is not
affected by addition of Li salts. In fact, the deposition
overpotential is decreased slightly (around 20mV) after the
addition of Li salts and the deposition current is increased. This
observation is similar to the enhancement in the
electroactivity that has been previously reported for
Mg(BH,),/LiBH, dual salt electrolytes.22 The efficiency is not
affected and is all higher than 95%. We then studied the Mg
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ions chemical binding properties with 25Mg nuclear magnetic
resonance (NMR, Figure 1b). The 25Mg NMR spectra show that
the 25Mg chemical shifts for the DMDC, DMDC/LiAICl,, and
DMDC/LIiTFSI electrolytes are 5.85, 6.06, and 6.13 ppm,
respectively. The similarity in chemical shifts suggests that the
chemical environment of Mg2+ ions in these electrolytes are
essentially the same, which has the characteristic bridged
dichloride ligands between two Mg2+ ions as described in our
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Figure 2 Cyclic voltammogram of (a) LiFePO, and (b) LiMn,0, in the
dual-salt electrolyte with 0.2M [Mg,Cl,(DME),][AICI,], and 1.0M
LiTFSI. The scan rate was 0.05 mV/s and two pieces of Mg strips
were used for reference and counter electrodes, respectively.
previous paper.23

The behaviors of the cathode materials LiFePO, and
LiMn,0, with cyclic voltammetry at 0.05 mV/s in the dual salt
electrolytes with 0.2M DMDC and 1.0M LiTFSI are shown in
Figure 2 (Figure 2a for LiFePO, and 2b for LiMn,0,). The CV for
LiFePO, exhibited a set of well-defined redox peaks that is
characteristic of Li ion intercalation.’® % The redox peak
potentials are 2.57 V and 2.40 V for the anodic peak and
cathodic peak, respectively, which are both expected given the
standard potential difference of Li and Mg metals (Mg is 0.67V
more positive).26 In addition, it was observed that electrolyte
was stable over the electrochemical operation window of
LiFePO, with no obvious redox responses from the electrolyte.
This agrees with results presented in Figure 1 and suggests
such electrolytes are compatible with LiFePO, unlike the
previously examined APC-based electrolytes.20 In addition to
LiFePO,, we also examined the use of LiMn,0, spinel cathode
since itis more attractive because of its higher voltage. The CV
profile of this material showed two set of redox peaks in the
dual-salt electrolyte that are also characteristic for Li ion
intercalation.®® Even though the observation of reversible
redox peaks is encouraging, further device tests with two
electrodes returned with results that has poor Coulombic
efficiency and low specific capacity due to the decomposition
of electrolyte that is evident from the CV results in the sharp
increases in anodic currents at voltages beyond 3.4V.
Therefore, it is not further pursued in this work.

Prototype hybrid batteries with LiFePO, cathodes were
assembled as Swagelok cells. The cathodes were prepared as
thin, freestanding films using the rolling method and
polytetrafluoroethylene (PTFE) as the binder. The active
material loading was ~ 10 mg/cm2 and typical active material
loading for each electrode was ~ 8 mg. The cells were
assembled using a stainless steel rod as the anode current
collector and a molybdenum rod as the cathode current
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collector (Figure 3a) because Mo metal is electrochemically
stable over the entire stability window of the electrolyte
(Figure S2). The use of these two rods ensures cells with
proper sealing and electrochemical stability appropriate for
testing high voltage cells designed in this work. In addition to
this design, we also examined the use of graphite rod as the
cathode current collector but cells often showed a fast
capacity degradation due to the electrolyte evaporation
problem. Typical battery testing data is presented in Figure 3b-
d. Figure 3b shows a set of charge-discharge profiles for rates
from 0.1C to 1.0C (1C=170 mA/g). The cell exhibited typical
voltage profiles similar as those cycled in lithium cells (Figure
S3). The electrode was able to deliver an outstanding capacity
of ~ 140 mAh/g (respect to LiFePO,) at a rate of 0.1C, > 80% of
the theoretical capacity of LiFePO, (170 mAh/g). The
observation of 20% loss in capacity can be due to extremely
dense fixture of the freestanding electrode prepared by the
rolling method and further improvements with electrode
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Figure 3 Assembly of prototype hybrid cells and testing results: (a)
schematic illustration of the structure and assembly of the hybrid
batteries with Swagelok-type cells, Mo rods, and Mg-Li dual-salt
electrolytes consist of 0.2M [Mg,Cl,(DME),][AICl,], and 1.0M LiTFSI;
(b) typical charge-discharge profiles and (c) specific capacity
(respects to the weight of LFP) at different rates; and (d) cyclic
stability at 0.5C.
preparation might be able to improve the capacity remarkably.
The repeated intercalation and extraction of Li ions was also
confirmed with X-ray diffraction measurement (XRD) with the
reversible formation of LiFePO, and FePO, (Figure S4). These
data confirm the operation mechanism of the hybrid cells.
Figure 3c compares the specific capacities at different
rates. The hybrid battery overall had remarkable
performance considering the high active material loading of ~
8 mg LiFeO, per electrode. The outstanding rate capability is
believed to benefit from the high conductivity of the dual-salt
electrolytes based on DMDC and the fast deposition/stripping
of Mg on the anode side, and further demonstrated the
advantage of Mg-Li hybrid batteries for high power
application. Figure 3d shows the stability profile at a rate of
0.5C. The cell had high Columbic efficiency and had gradual
capacity decay along with cycles but overall was able to
maintain a high capacity of more than 90 mAh/g after 100

rate
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cycles. A parallel test conducted in a pure lithium cell (Li/LFP)
consisting of Li metal, LFP, and LiPFs/EC-DMC electrolytes
resulted a severe capacity decay (18 mAh/g remaining) after
100 cycles, as shown in Figure S5. The fast capacity
degradation in Li/LFP is consistent with general understanding
of rapid Li dendrite corrosion during the fast charge and
discharge cycles.”* *! In contrast to Li/LFP cells, Mg-Li/LFP
hybrid cells deliver a much stable performance in terms of the
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Figure 4 Specific energy density comparison for Mg (MogSs)
battery, LIB (LMO/C, LCO/C, LFP/C), and Mg-Li hybrid batteries
(LTO, Mog¢Ss, TiS,, LFP, LMO as cathodes) without considering the
mass of electrolytes.

capacity retention.

To calculate the specific energy density of Mg-Li hybrid
system, it is important to reveal the full reaction equation for
the charge and discharge processes. Without identifying the
molecular formula of Mg2+ and Li* species existing in Mg-Li
dual-salt electrolyte, it is quite challenging to propose a
meaningful reaction equation. Since the active Mg2+ specie
presented in this work is identical to DMDC, the redox
reactions of the charge and discharge can be given as follows:

Anode: 1/2[Mg,Cl,][AICl,], + 2" <> Mg+ CI + AlCl,
Cathode: 2LFP < 2FP + 2Li" + 2¢

Full reaction:

(Discharge) 2LFP + 1/2[Mg,Cl,][AICl,], < 2FP + LiCl + LiAICl, +
Mg (Charge) (3)

(1)
(2)

Based on the molecular weight of active materials at the
discharge state (LFP and [Mg,Cl,][AICl,],), the specific energy
density of Mg-Li hybrid battery demonstrated in this work
(LFP) along with others lithium ion cathode materials are
shown in Fig. 4. Detailed discussions about calculating the
specific energy density of Mg-Li hybrid battery, such as
considering the weight of electrolyte and lithium salts, can be
found in the supporting information. Surprisingly, Mg-Li hybrid
battery system using LFP (Mg-Li/LFP) as the cathode material
can deliver a theoretical energy density up to 246 Wh/kg,
which is quite higher than the energy density (134 Wh/kg) of
the conventional pure Mg battery using MogSg and the energy
density (~143 Wh/kg) of LTO/LFP system. The higher energy
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density of Mg-Li/LFP battery is benefited from the high output
voltage (~2.5 V), which is significantly higher than 1.2 V of
Mg/MogSg battery and 1.9 V of LTO/LFP battery.

Conclusions

In summary, we demonstrate a high voltage and high energy
density Mg-Li hybrid battery technology using Mg metal
anode, LFP cathode (10 mg/cmz), and highly stable Mg-Li dual-
salt electrolytes. Adopting Mo as a cathode current collector in
the cell secures a stable electrochemical window of DMDC
based electrolytes up to 3.4 V, thus allows the Mg-Li hybrid
battery that could be paired with high voltage lithium
cathodes, such as LFP and LMO. The reported cell architecture
provides a conventional testing vessel for high voltage Mg
batteries and Mg-Li hybrid batteries, where most metals suffer
from corrosion problems caused by halide anions in
electrolytes. In terms of battery performances, Mg-Li/LFP
hybrid battery system demonstrates high energy density up to
246 Wh/kg, which is much higher than literature reported Mg-
Li hybrid systems using relatively low voltage cathodes. In
comparison to Li/LFP battery, Mg-Li/LFP battery demonstrates
a superior cycling life and the battery safety own to its intrinsic
feature — no dendrite formation on Mg anode. Notably, great
potentials and challenges still need to be explored for Mg-Li
hybrid battery system to become a practical battery. Extensive
studies on electrochemical and chemical compatibilities of
high voltage lithium cathode materials with Mg-Li hybrid
electrolytes, reversible Mg deposition in Mg-Li hybrid
electrolytes, and further optimization of cell architectures are
on the way and are critical to continue to develop high
performance Mg-Li hybrid battery systems.

Acknowledgements

This work was supported by the U.S. Department of Energy
(DOE) Office of Electricity Delivery and Energy Reliability under
Contract No. 57558. NMR experiments were performed at
EMSL, a DOE Office of Science user facility sponsored by the
DOE BER and located at PNNL. PNNL is a multiprogram
laboratory operated by Battelle Memorial Institute for the DOE
under Contract DE-AC05-76RL01830.

Notes and references

1. D. Aurbach, Z. Lu, A. Schechter, Y. Gofer, H. Gizbar, R. Turgeman, Y. Cohen, M.
Moshkovich and E. Levi, Nature, 2000, 407, 724-727.

2. H.D. Yoo, |. Shterenberg, Y. Gofer, G. Gershinsky, N. Pour and D. Aurbach, Energy
& Environmental Science, 2013, 6, 2265-2279.

3. R.E.Doe, R. Han, J. Hwang, A. J. Gmitter, I. Shterenberg, H. D. Yoo, N. Pour and D.
Aurbach, Chemical Communications, 2014, 50, 243-245.

4. A. Benmayza, M. Ramanathan, T. S. Arthur, M. Matsui, F. Mizuno, J. Guo, P.-A.
Glans and J. Prakash, The Journal of Physical Chemistry C, 2013, 117, 26881-26888.

5. C. Liao, B. K. Guo, D. E. Jiang, R. Custelcean, S. M. Mahurin, X. G. Sun and S. Dai, J
Mater Chem A, 2014, 2, 581-584.

6. Z.Zhao-Karger, X. Y. Zhao, O. Fuhr and M. Fichtner, Rsc Advances, 2013, 3, 16330-
16335.

7. Y.Cheng, Y. Shao, L. R. Parent, M. L. Sushko, G. Li, P. V. Sushko, N. D. Browning, C.
Wang and J. Liu, Advanced Materials, 2015, 27, 6598-6605.

8. Y.Cheng, T. Liu, Y. Shao, M. H. Engelhard, J. Liu and G. Li, J Mater Chem A, 2014, 2,
2473-2477.

9. Y. Shao, M. Gu, X. Li, Z. Nie, P. Zuo, G. Li, T. Liu, J. Xiao, Y. Cheng, C. Wang, J.-G.
Zhang and J. Liu, Nano Letters, 2013, 14, 255-260.

4| J. Name., 2012, 00, 1-3

11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

G. Gershinsky, H. D. Yoo, Y. Gofer and D. Aurbach, Langmuir, 2013, 29, 10964-
10972.

E. Levi, Y. Gofer and D. Aurbach, Chemistry of Materials, 2010, 22, 860-868.

D. Aurbach, G. S. Suresh, E. Levi, A. Mitelman, O. Mizrahi, O. Chusid and M.
Brunelli, Advanced Materials, 2007, 19, 4260-+.

A. Mitelman, E. Levi, E. Lancry and D. Aurbach, ECS Transactions, 2007, 3, 109-115.
Y. Liang, R. Feng, S. Yang, H. Ma, J. Liang and J. Chen, Advanced Materials, 2011,
23, 640-643.

Q. An, Y. Li, H. Deog Yoo, S. Chen, Q. Ru, L. Mai and Y. Yao, Nano Energy, 2015, 18,
265-272.

B. Liu, T. Luo, G. Y. Mu, X. F. Wang, D. Chen and G. Z. Shen, Acs Nano, 2013, 7,
8051-8058.

R. G. Zhang, X. Q. Yu, K. W. Nam, C. Ling, T. S. Arthur, W. Song, A. M. Knapp, S. N.
Ehrlich, X. Q. Yang and M. Matsui, Electrochem Commun, 2012, 23, 110-113.

Y. P. Zheng, Y. N. NuLi, Q. Chen, Y. Wang, J. Yang and J. L. Wang, Electrochim Acta,
2012, 66, 75-81.

Y. Cheng, Y. Shao, J.-G. Zhang, V. L. Sprenkle, J. Liu and G. Li, Chemical
Communications, 2014, 50, 9644-9646.

S. Yagi, T. Ichitsubo, Y. Shirai, S. Yanai, T. Doi, K. Murase and E. Matsubara, J Mater
Chem A, 2014, 2, 1144-1149.

J. H. Cho, M. Aykol, S. Kim, J. H. Ha, C. Wolverton, K. Y. Chung, K. B. Kim and B. W.
Cho, JAm Chem Soc, 2014, 136, 16116-16119.

Y. Shao, T. Liu, G. Li, M. Gu, Z. Nie, M. Engelhard, J. Xiao, D. Lv, C. Wang, J.-G.
Zhang and J. Liu, Scientific Reports, 2013, 3, 3130.

T. Gao, F. Han, Y. Zhu, L. Suo, C. Luo, K. Xu and C. Wang, Adv Energy Mater, 2015,
5, n/a-n/a.

H.D. Yoo, Y. Liang, Y. Liand Y. Yao, Acs Appl Mater Inter, 2015, 7, 7001-7007.

N. Wu, Z.-Z. Yang, H.-R. Yao, Y.-X. Yin, L. Gu and Y.-G. Guo, Angewandte Chemie,
2015, 127, 5849-5853.

Z. Chang, Y. Yang, X. Wang, M. Li, Z. Fu, Y. Wu and R. Holze, Scientific Reports,
2015, 5,11931.

T. Ichitsubo, S. Okamoto, T. Kawaguchi, Y. Kumagai, F. Oba, S. Yagi, N. Goto, T. Doi
and E. Matsubara, J Mater Chem A, 2015, 3, 10188-10194.

Y. Cheng, R. M. Stolley, K. S. Han, Y. Shao, B. W. Arey, N. M. Washton, K. T.
Mueller, M. L. Helm, V. L. Sprenkle, J. Liu and G. Li, Physical Chemistry Chemical
Physics, 2015, 17, 13307-13314.

S. W. Oh, S.-T. Myung, S.-M. Oh, K. H. Oh, K. Amine, B. Scrosati and Y.-K. Sun,
Advanced Materials, 2010, 22, 4842-4845.

E. Hosono, T. Kudo, I. Honma, H. Matsuda and H. Zhou, Nano Letters, 2009, 9,
1045-1051.

D. P. Ly, Y.Y. Shao, T. Lozano, W. D. Bennett, G. L. Graff, B. Polzin, J. G. Zhang, M.
H. Engelhard, N. T. Saenz, W. A. Henderson, P. Bhattacharya, J. Liu and J. Xiao, Adv
Energy Mater, 2015, 5.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 4



