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Batteries to store energy
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Falling cost of intercalation batteries
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B. Nykvist and M. Nilsson, Nature Climate Change 5, 329–332 (2015).

2015: 400–600 $/kWh

2030: 
200–400 $/kWh
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How does an intercalation battery work? 
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Discharge Charge

The chemical potential difference of Li between the two 
electrodes triggers Li motion from the anode to the cathode. 
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How does an intercalation battery work? 
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Discharge Charge

An external electrical potentials reverts the spontaneous 
process recharging the battery.
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Targeting higher energy densities: 
multivalent batteries
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Targeting higher energy densities: 
multivalent batteries
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Challenges of multivalent batteries

8

1 Poor lattice mobility of MV ions eg., Mg2+, Zn2+, 
Ca2+ and Al3+ compared to Li+ and Na+. 

2 Lack of high voltage intercalation cathodes.

3 Lack of electrolytes withstanding high voltage 
cathode electrodes.
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How do we search the chemical 
space? Strategy

9

http://www.materialsproject.org

 

A U correction is not assigned for calculations in the
Ti system, to better represent the delocalized nature of
electrons in reduced Ti oxides [30]. The average interca-
lation potential of the cathode is obtained by using energies
computed within DFT [4,35]:

V ¼ −EðAnHÞ − EðAn−xHÞ − xEðAÞ
xe

; ð1Þ

where A is the alkali ion,H is the host structure, and e is the
electronic charge. For each of the 18 orderings appearing as
ground states in any of the seven TM systems, we further
investigate the effect of interplanar interactions by gen-
erating all possible adjacent-layer stacking variants of the
ordering along the c axis. These supercells are generated
by laterally translating the Na-vacancy-ordering pattern in
adjacent layers by all linear combinations of the primitive
in-plane lattice vectors for the AMO2 unit. Symmetrically
equivalent stackings are removed from the data set. An
example of this is given in Fig. 2, which shows two structures
with a projection of three identically ordered Na layers and
how these can be positioned relative to one another.

III. RESULTS

A. Single transition-metal ground states

For a NaxMO2 system, the convex hull is given by the
linear combination of ground states which gives the lowest
energy at any composition. A voltage curve is generated
from the energy differences of these ground states along the
convex hull.
Figures 3 and 4 show the hull and voltage curve for the

O3-Cr system as an example. Red points on the hull plot
indicate computed structures which are higher in energy
than the ground-state phases. Blue points on the hull
indicate the ordered ground-state structures for the Cr
system. The voltage curve in Fig. 4 shows steps corre-
sponding to eight stable phases occurring at 3=4, 2=3, 5=8,

1=2, 2=5, 1=3, 1=4, and 1=7 Na concentrations. As the
voltage curve is the result of 0-K calculations, finite-
temperature entropy effects are expected to smoothen the
curves. The figures surrounding the voltage plot depict the
Na-vacancy ordering for each ground state in a single
Na layer.
Figure 5 shows the calculated O3 voltage curves for all

seven Na-intercalating TM oxides. From the computed
voltage curves, we see that in all seven O3 systems strong
phase transitions are predicted to occur at 1=2 and 1=3 Na
concentrations, as shown by the large 0.25–0.75-V voltage
differences at these steps. The Cr andMn voltage curves are
shallow compared to the other systems, spanning less than
1.5 V (compared to systems such as Ti and V, which span
between 1.5 and 3 V). It should be noted that our results
indicate that topotactic deintercalation to low Na concen-
trations leads to high-energy states and, therefore, very high
voltages for some systems (e.g., V). It is expected that in

FIG. 2. Different stacking variants of a Na1=3MO2-ordered
layer. Three layers are shown by solid, dashed, and dotted lines.
Different shades on atoms indicate Na in different layers. (a) and
(b) show the two different types of stacking possible if one Na
layer is translated in-plane relative to its adjacent layer.

FIG. 3. Calculated energies for Na-vacancy orderings in the
NaxCrO2 system. Red points indicate the energies of different
enumerated single-Na-layer phases computed at that Na concen-
tration. Blue points are ground states, as they are part of the
convex energy hull (solid line).

FIG. 4. Computed O3-lattice voltage curve with predicted
ground-state Na-vacancy orderings for NaxCrO2.
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Voltage Curves

A. J. Toumar et al., Phys. Rev. B 4, 064002 (2015).
G.S. Gautam, P. Canepa et al., Chem. Commun. 51, 13619-13622 (2015).
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Quantify Ionic Mobility in materials
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For energy dense cathodes, Can we 
intercalate MV in close-pack structures?

11

Can we intercalate  Mg in a spinel 
structure? For example MgTM2X4

tettet

oct

oct

1
Transition metals (TM) 
reduces the site energy 
difference helping MV 
mobility!

2
Careful Choice of TM can 
flatten the migration 
landscape further.

Z. Rong, R. Malik, P. Canepa, G.S. Gautam et al., Chem. Mater. 27 (17), 6016–6021 (2015).
M. Liu, Z. Rong, R. Malik, P. Canepa et al., Energy Environ. Sci. 8 964-974 (2015).
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Increasing Volume per anion helps MV 
mobility!
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Mg migration barriers in sulfur lattices 

Materials with 
critical volume 

per anion 

Large anions 
seem also 
promising

Y. Wang, et al., Nature Materials 14, 3733–3742 (2015)
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Sulfides as an alternative to Oxides
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1 Sulfides are more 
covalent than oxides 2 Most sulfides show 

better MV than oxides
M. Liu, …, P. Canepa et al., Evaluation of sulfur spinel compounds for multivalent battery cathode applications, accepted in Energy Environ. Sci. (2016).

Cr Mn Ti
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Sulfides at work Theory vs. Experiment
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(a)

(b)

(a)

(b) Theory – NEB Experiment – GITT 

X. Sun et al., Energy Environ. Sci. 9, 2273-2277 (2016).

First-principles Mg migration barriers support the 
experimental data suggesting facile Mg diffusion in the 
close packed lattice of MgTi2S4. Close packed frameworks 
can access higher energy densities that the Chevrel phase.

~ 550 meV~ 560 meV



Sulfides do not meet the energy 
density requirements to 

compete with current Li-ion 
technology

UNIVERSITY OF 
CALIFORNIA TACC 2016 – Seattle
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High-throughput can help with MV 
Voltages

16

High-throughput can generate voltages for hundred of materials per day 

M. Liu, Z. Rong, R. Malik, P. Canepa et al., Energy Environ. Sci. 8 964-974 (2015).

V2O5 2.5 V @ 
260.0 mAh/g

Mn2O4 2.7 V @ 
294.7 mAh/g

Chevrel 1.1 V 
@ 127 mAh/g

MgTiS2 1.2 V 
@ 270 mAh/g
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Cycling Mg in V2O5 
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Voltage drop at 
xMg~0.5

 Theoretical V2O5 2.5 V @ 294.7 mAh/g

Average voltage 
~2.35 V

Mg cycled with
empty V2O5

G. Gershinsky et al., Langmuir 29 (34), 10964–10972 (2013).

Can we benchmark the experimental voltage curves with 
theoretical predictions?
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α and δ polymorphs 

18

ac

b

ac

b

Intercalant site

G.S. Gautam, P. Canepa et al., Chem. Mater. 27 (10), 3733–3742 (2015).
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Building the phase diagram of V2O5 at 
0 K using DFT+U 

19
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Building the phase diagram of V2O5 at 
0 K using DFT+U 
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Building the phase diagram of V2O5 at 
0 K using DFT+U 
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Building the phase diagram of V2O5 at 
0 K using DFT+U 
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Building the phase diagram of V2O5 at 
0 K using DFT+U 
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Building the phase diagram of V2O5 at 
0 K using DFT+U 
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Building the phase diagram of V2O5 at 
0 K using DFT+U 
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 V2O5  at work: Theory vs. Experiment
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G. Gershinsky et al., Langmuir 29 (34), 10964–10972 (2013).
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Key understandings from the V2O5  
phase-diagram

21

When Mg cycling begins in empty (charged) V2O5, ⍺ is retained
• Experimental voltage curve benchmarks with predicted curve for ⍺

α→δ transformation could be kinetically hindered
• Since ⍺ remains upon magnesiation and transformation to δ-V2O5 requires structural 

arrangement 
• δ-V2O5, if accessed, could be metastable upon Mg charge 
• Starting from δ-MgV2O5,  which has been experimentally synthesized

x

G. S. Gautam, P. Canepa et al., Chem. Mater. 27 (10), 3733–3742 (2015).
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δ has better mobility: scope for 
improvement

22

0 10 20 30 40 50 60 70 80 90 100
Path Distance (%)

0

100

200

300

400

500

600

700

800

900

1000

1100

E
n

e
rg

y 
(m

e
V

)

α

δ

G. S. Gautam, P. Canepa et al., Chem. Mater. 27 (10), 3733–3742 (2015).



TACC 2016 – Seattle 

δ has better mobility: scope for 
improvement

22

0 10 20 30 40 50 60 70 80 90 100
Path Distance (%)

0

100

200

300

400

500

600

700

800

900

1000

1100

E
n

e
rg

y 
(m

e
V

)

α

δ

G. S. Gautam, P. Canepa et al., Chem. Mater. 27 (10), 3733–3742 (2015).

Coordination change for screening
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DFT Screening for MV cathodes yields 
7 novel compounds 
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Zn Mg1
DFT can asses mobility 
(slow) and voltages (fast) for 
MV cathode materials

δ–V2O5

Oliv
ine

Oxide – Spinel

Birnessite

Ca

Layered Thiospinel

Post-
sp

inel

MgZn

2
Thiospinels show “fast” Mg 
mobility and facile reversible 
intercalation. 

3
Larger volume per anion and 
an appropriate choice of TM 
can increase MV mobility.

4
V2O5 can provide “high” 
voltage with relatively high 
mobility for Mg.

5
MV Mobility depends on 
coordination changes of the 
MV species. 7
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