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REVIEW OF SYNTHESIS METHODS FOR PRODUCING LITHIUM-MANGANESE RICH MATERIALS
- Various synthesis methods exist for producing layered cathode materials including co-
precipitation, solid-state synthesis, polymer-assisted synthesis, ball milling, combustion synthesis
and spray pyrolysis’. Among these methods, spray pyrolysis allows for a level of control of
product purity that is unlikely to be reproduced by any other synthesis method. In spray pyrolysis
each droplet acts as a microreactor, thuspreserving the composition of the precursor solution. No
additives are required, which allows accurate control of the dopant profile to trace levels in the
product.

DOPANT EFFECTS - Substituting Li* with an alkali metal may improve the stability of the
structure due to steric effects caused by the larger size dopant, as they also carry a single positive
charge. Kang and Ceder using computational techniques® have shown that Li* ion hopping is
affected by the size of the tetrahedral vacancy site, and the electrostatic interaction between Li*
in that site and the cation in the adjacent face sharing octahedron. In general, the screening effect
of the original transitional metal ions is very important for the diffusion of Li" ions. Therefore,
doped samples may have lower diffusivities, where the bonds with oxygen become more
polarized due to an increase in electronegativity difference. This is a complicated effect,
especially when it is coupled to a change in oxidation state and the dopant does not carry the
same theoretical charge (e.g. Mn*" —AI*").

Replacing Li* ions in the interstitial sites with larger alkali metals leads to an increase in
the amount of residual ions in the interstitial host sites after charging, because often the dopants
do not participate in the intercalation reaction, as reported for Na doping’. Kim et al. found that
LixMO, based structures have strong driving forces and low energy kinetic paths to transform

into spinel structures and that these driving forces do not exist for Na-based counterparts of the
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materials®. These spinel-transformation reactions are speculated to proceed via transitional metal
hopping. The migration of the TM (e.g., Mn) ions has to be coupled with the migration of Li*
ions, which may become hindered due to the larger size of the Na" ions.

Substituting Mn with Al may lead to a slight reduction in the electrochemically active
cathode material content of the sample with aluminum having only a single ** oxidation state. Al
is similar to Mn in size, and the single oxidation state may be the reason behind the improved
stability of Al doped compounds. Several studies demonstrated the beneficial effect of Al on
stabilizing the cathode material primarily by creating an Al-coated surface to prevent surface
dissolution of the Mn-based active cathode material ***. Additionally, replacing Mn** with AI*?
ions should lead to an increase in the average oxidation state of the Mn ions. To maintain charge
neutrality this beneficial effect can mitigate the potentially arising Jahn-Teller distortion effect 2.

Alkali earth metals (Mg, Ca, Sr, Ba) have larger ionic radii than Co®* or Ni** atoms.
Their introduction to the structure has been shown to improve the stability similar to Al and may
reduce the capacity reducing the available intercalation sites due to their single +2 oxidation state
1317 gubstituting Co*® for M*2 ions is also expected to increase the average oxidation state of the
transitional metal ions originally residing in the structure thereby reducing TM dissolution.

REVIEW OF REVERSIBLE OXYGEN CHEMISTRY — In a conventional description of the
oxidation states in a solid compound alkali atoms are anticipated to carry a single, positive
charge, alkali earth atoms two positive charges, while oxygen two negative charges. To maintain
electroneutrality for LiCoO,, the previously mentioned would require Co to be in a Co**
oxidation state. Earlier several groups '®?' have shown based upon both experimental
observations and computational results that the oxidation state of cobalt remains the same during

the intercalation process in LiCoO, and that the Fermi-level electrons of the material are located
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at the oxygen atoms. They concluded that the only possible way to maintain charge neutrality
would be to require a reversible oxygen chemistry to occur in the LiCoO cathode. Furthermore,
similar results were obtained for LiNiO, and its derivatives as well?*> . Recently, this was
demonstrated by Sathiya et al.?* for a Ru and Sn based chemistry, and more recent results by

Oishi et al. have indicated the phenomenon to occur in the lithium-rich NMC chemistry® %,
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Fig. S3 - Initial charge and discharge profiles at a constant current density of 20 mAg™ between
2.0 and 4.8 V for Li; 2Mng54Nip.13C00.130, samples doped with typically 0.005 or 0.01 level of (a)
Na, K, Rb or Cs substituting Li; (b) Mg, Ca, Sr or Ba substituting Co; (c) Mg, Ca, Sr or Ba
substituting Ni; (d) Al substituting Mn; (e) Al substituting Ni; (f) Li;2Mngs4Nig13C00.130; triply
substituted with Na, Ba, Al indicated as “05 3D” or Na, Mg, Al indicated as “Mg 3D” at a total
dopant level of 0.01 with equal amount of dopant. All materials display two activation-plateaus
during the initial charge cycle characteristic of the layered compounds.
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Fig. S4 - Cycling performance of cells doped with (a) 0.005 or 0.01 levels of Na, K, Rb or Cs
substituting Li; (b) 0.005 or 0.01 levels of Mg, Ca, Sr or Ba substituting Co; (c) 0.005 Mg, Ca, Sr
or Ba substituting Ni; (d) 0.005 or 0.01 level of Al substituting Mn; (e) 0.005 level of Al
substituting Ni; (f) Li;2Mngs4Nig13C00.130- triply substituted with Na, Ba, Al indicated as “05
3D” or Na, Mg, Al indicated as “Mg 3D” at a total dopant level of 0.01 with equal amount of
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dopant. C/10 equals a current density of 20 mAg™, while C/3 equals 66.67 mAg™.
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Fig. S5 — Rate capability test performance of cells doped with (a) 0.005 or 0.01 levels of Na, K,
Rb or Cs substituting Li; (b) 0.005 or 0.01 levels of Mg, Ca, Sr or Ba substituting Co; (c) 0.005
Mg, Ca, Sr or Ba substituting Ni; (d) 0.005 or 0.01 level of Al substituting Mn; (e) 0.005 level of
Al substituting Ni; (f) Li1 sMng54Nig.13C0g 130, triply substituted with Na, Ba, Al indicated as “05
3D” or Na, Mg, Al indicated as “Mg 3D” at a total dopant level of 0.01 with equal amount of
dopant. C/10, C/5, C/2 and C/1 correspond to a current density of 20, 40, 100, 200 mAg™,
respectively.
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Fig. S6 - Cycling performance of cells doped with (a) 0.005 or 0.01 levels of Na, K, Rb or Cs
substituting Li; (b) 0.005 or 0.01 levels of Mg, Ca, Sr or Ba substituting Co; (c) 0.005 Mg, Ca, Sr
or Ba substituting Ni; (d) 0.005 or 0.01 level of Al substituting Mn; (e) 0.005 level of Al
substituting Ni; (f) Li; 2Mng54Nig 13C00.130; triply substituted with Na, Ba, Al indicated as “05
3D” or Na, Mg, Al indicated as “Mg 3D” at a total dopant level of 0.01 with equal amount of
dopant Li; 14Mng4Nig2C00 20, triply substituted with Na, Ba, Al indicated as “03 3D”. The
dopant free sample is added to all curves as a teal star for reference.
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Fig. S7 — dQ/dV curves of cycle 2 and cycle 100 of the doped samples when cycled at C/3 rate
(66.67 mAg™) between 2.0-4.6 V. The curves are organized according to the position of the
dopant element in the periodic table and above each curve the dopant is indicated. All dopant
levels in the current table are fixed at 0.005.

Despite the ability of Al to improve capacity retention when substituted for Mn, Al does not
appear to reduce the growth of the spinel charge peak that indicates voltage fade. This implies
that Al doping improves capacity retention via a different mechanism, for example by reducing
the strains along the c¢ axis during cycling, as reported for several LiMn,Oy based spinel
materials®” %%
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Fig. S8 - dQ/dV curves of cycle 2 and cycle 100 of the doped samples when cycled at C/3 rate
(66.67 mAg™) between 2.0-4.6 V. The curves are organized according to the position of the
dopant element in the periodic table and above each curve the dopant is indicated. All dopant
levels in the current table are fixed at 0.01. Ni-doping was omitted from the plot. When
compared to the results in Figure S7 it is clear that doubling the dopant levels leads to more
significant suppression of the spinel peaks in the charge curves for the alkali and alkali earth
metals. Increasing the Al dopant’s level for Mn however seems to lead to additional peaks
forming in the structure.
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Fig. S9 - dQ/dV curves of cycle 2 and cycle 16 of the doped samples when cycled at C/20 rate
(10 mAg™) between 2.0-4.8 V. All dopant levels in the current table are fixed at 0.005. While
improvements can be observed when cycled between 2.0-4.6 V, the dopants have minor effect on
the spinel peak growth and peak shift. Additionally, it is clear that all samples still display the
original 4.6 V activation peak in the charge profiles at these low currents in cycle 2, which
disappears gradually by cycle 16. Similar trends were reported before by Yabuuchi et al.? for 0.5
NMC, but it is a surprising result for the doped samples.
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141



142

143
144
145
146
147
148
149
150

400] k é

dQ/dV (mAhg V)
8
: c
dQ/dV (mAhg V')

-40( s Cycle2 -400) ) Cycle2
= Cycle 100 Cycle 100]
75 30 35 70 75 5.0 75 T0 35 0 75 50
Evs. Li(V) Evs. Li(V)
b f

4004
— 209 —
> >
o o
= =
< 0 <
E E
> >
o o
G 209 d =
o S

-400 -400

) Cycle2 © Cyce 2
Cycle 100) A _Cyde 100)
5 I 35 0 T 75 30 75 0 T
Voltage (V) Evs. Li (V)
c 9
401 400

dQ/dV (mAhg 'V")
dQ/dV (mAhg 'V")

-400) . -400)
O Cycle2 3 Cyce2

Cycle 100) Cycle 100

5 30 35 0 75 0 5 30 35 0 75 50

Evs. Li (V) Evs. Li(V)

=)

8

dQ/dV (mAhg 'V")
dQ/dV (mAhg 'V")

A
3
S

-400) )
o Cyce2 o Cyde2
A Cv:lemg 4 Cyde 100
75 70 T5 Ly 75 (] 75 30 T8 70 75 ()

Evs. Li (V) Evs. Li (V)

Fig. S11 - dQ/dV curves of cycle 2 and cycle 100 of (a) Li;.09Mng43Nip24C00 240, (850 °C); (b)
Li1,14Mn0,45Ni0,2C00,202 (850 OC); (C) Lilleno,54Nio,13COo,1302 (900 c’C); (d)
Li12Mng54Nio.13C00.1302 (900 °C); (e) Li1.0sNago1Mng.a2Alo01Nio24C0023Bag 0102 (800 °C); (f)
Li1.13Nag.01Mng.4sAl0.01Nio 2C00.19Bap 0102 (800 °C); @)
Li1.197Nag.003MnNg 541Al0,003Ni0.13C00.12Ba0.00302 (900 °C); (h)
Li1,197Nao,003Mn0,541AI0,003Ni0,13C00,12Mgo,00302 (900 OC);. The temperatures after the
compositions indicate the annealing temperature of the samples. Effects of the annealing
temperature on these compositions via spray pyrolysis were reported earlier™.
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Table S1 - List of doped samples and dopants synthesized in the current study

Chemical formula

Individual dopant
levels

0.005, 0.01, 0.025,

Li1 2-xNa,Mng 54Nig 13C00.130; 0.05, 0.1
Alkali Liy 2-xKxMno 54Nig 13C00.130, 0.005, 0.01
Li1 2-xRbxMng 54Nig.13C00.130; 0.005, 0.01
Li1.2xCsxMng54Nig.13C00.130; 0.005, 0.01
Liz2Mno54Nio13C00.13.:Mg02 0.005, 0.01, 0.02
Li12Mng54Ni0.13C00.13-,C8,02 0.005, 0.01
Li12Mng54Ni0.13C00.13-,S1,0; 0.005, 0.01
Alkali earth Li12Mng54Nig.13C00.13.Ba,0> 0.005, 0.01
Li12Mno 54Nio.13-7C00.13Mg;0> 0.005
Liz2Mno.54Nio.13-,C00.13Ca,02 0.005
Liz2Mno.54Ni0.13-,C00.13Sr,0> 0.005
Li12Mng54Nig.13-,C00.13Ba,0; 0.005
Al Liz.2Mno.54yAlyNio.13C00.1302 0.005, 0.01
Li12Mngs4AlyNig.13./C00.1307 0.005
Li1.10Na0.01MnNo53Al0.01Ni0.13C00.12B80 0102 0.01
Li1.197Nao.003MNo.541Al0.003Ni0.13C00.12B80.0030, 0.0033
Multi-doped L?1.197Nao.oo3|\/|no.541A|o.0(.)3Nio.13C00.12|V|go_00302 0.0033
samples Li1.13Nap 01Mno 45Al0.01Ni0.2C00.19Ba0,010, 0.01
Li1.13Na0.00MnNo.45Al0.01Ni0.2C 00207 0.01
Li1.08N&0.01Mng.42Alg.01Nio.24C00.23B80.0102 0.01
Li1.08Nag.01Mno.42Al0.01Ni0.24C00.240, 0.01
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Table S2 — Capacity of selected doped samples of Li; 2Mngs4Nip.13C00130, with a dopant level of
(@ 0.005 and (b) 0.01. 05 3D and Mg 3D stand for a triple doped sample of
Lil,zMno_54Nio,j_gCOo_j_gOz with Na, Ba and Al and Na, Mg and Al substituted in a total
concentration of 0.01, respectively. The capacities were estimated by measuring the different
capacities until the inflection point in the initial charge and discharge curve as indicated in Fig.

S12.
a,

Theoretical
05 NMC
Base

Na

K

Rb

Cs

Al

Mg

Ca

Sr

Ba

b,

Theoretical
05 NMC

Base
Na

K

Rb

Cs

Al
Mg
Ca

Sr

Ba
053D
Mg 3D

Part 1 Capacity  Part 2 Capacity -(I;Z:)aallcity
mAhg™* mAhg™ mAhg”
138.9 229 367.9
132 225 357
130 207 337
130 194 324
130 185 315
130 203 333
132 195 327
150 196 346
130 202 332
125 209 334
132 198 330
Part 1 Capacity  Part 2 Capacity Egt)a;city
mAhg’? mAhg™ mAhg”
138.9 229 367.9
132 225 357
130 186 316
130 193 323
130 170 300
130 222 352
128 209 337
110 211 321
100 216 316
130 202 332
120 217 337
128 220 348
128 221 349
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Table S3 — Comparison of the effect of different dopants on the rate capability of the doped
samples at identical dopant levels and current densities. When Ni is substituted with aluminum
vs. Mn substitution the rate capability is considerably inferior at any rate. For alkali earth
dopants replacing Ni instead of Co lowers the rate capability of the material, particularly at

higher C-rates.

Cyclel@ | Cyclel @ C/10 Cyclel@ |Cyclel@ |Cyclel @
C/20 C/5 C/2 C/1

Al 0005 255.4 244.6 215.4 187.8 165.7
Ni-Al 235.1 217.0 180.9 156.1 133.3
% Change For 108.6 112.7 119.1 120.3 124.3
Mn-Ni

Mg 0005 244.6 235.7 210.6 188.3 171.9
Ni-Mg 259.9 262.6 215.2 184.4 161.2
% Change For 94.1 89.8 97.8 102.1 106.6
Co-Ni

Ca 0005 273.2 224.6 197.7 172.9 153.9
Ni-Ca 252.9 250.6 206.5 174.5 153.6
% Change For 108.0 89.6 95.8 99.1 100.2
Co-Ni

Sr 0005 266.0 262.8 217.3 187.7 161.5
Ni-Sr 246.8 242.6 204.2 176.0 154.6
% Change For 107.8 108.3 106.4 106.7 104.5
Co-Ni

Ba 0005 251.4 263.7 214.9 183.3 166.2
Ni-Ba 2775 254.6 212.0 181.2 158.1
% Change For 90.6 103.5 101.4 101.2 105.1

Co-Ni




174  Table S4 — (a) Observed first cycle charge and discharge capacity and; (b) % capacity lost
175  compared to dopant-free sample.
176  a,
Rb Cs
For Li Na 0005 | K 0005 | 0005 0005 | Na0Ol | K001 | Rb0O1 | Cs001
Cycles1 | Charge 337.2 3245 | 316.0 | 333.0 | 316.7 | 3235 | 3009 | 3527
(mAhg™) | Discharge | 261.5 226.5 | 210.2 | 247.8 | 2322 | 233.2 | 1846 | 2520
177
Ca Sr Ba Mg
For Co Mg 0005 | 0005 0005 0005 001 | Ca001 | Sr001 | Ba001
Cycles1 | Charge 346.8 3324 | 3343 | 330.2 | 321.3 | 316.2 | 332.8 | 337.3
(mAhg™) | Discharge | 264.6 240.8 | 243.2 | 2422 | 226.4 | 226.8 | 2289 | 2413
178
For Mn | For Mn 03 033D 0.5
Al 0005 | AI001 053D | Mg3D | NMC | NMC | NMC
Cycles 1 Charge 327.1 338.0 340.4 | 370.1 | 328.9 | 309.0 | 356.5
(mAhg™) | Discharge | 233.4 243.3 257.4 | 296.9 | 2339 | 2288 | 2715
179
Ca Sr Ba Al
Ni-sub Mg 0005 | 0005 0005 0005 0005
Cycles 1 | Charge 337.6 3129 | 318.1 | 319.0 | 290.7
(mAhg™) | Discharge | 257.4 228.0 | 2394 | 2412 | 2219
180 b,
Rb Cs
For Li Na 0005 | K 0005 | 0005 0005 | Na0Ol | K001 | Rb0O1 | Cs001
Charge 5.4 9.0 114 6.6 11.2 9.3 15.6 1.1
Cycles 1 | Discharge 3.7 16.6 22.6 8.7 145 14.1 32.0 7.2
181
Ca Sr Ba Mg
For Co Mg 0005 | 0005 0005 0005 001 | Ca001| Sr00l1 | Ba001
Charge 2.7 6.8 6.2 7.4 9.9 11.3 6.7 5.4
Cycles 1 | Discharge 25 11.3 10.4 10.8 16.6 16.5 15.7 111
182
For Mn | For Mn 033D 0.5
Al 0005 | AI001 053D | Mg3D | NMC | NMC
Charge 8.3 5.2 4.5 0.0 6.0
Cycles 1 | Discharge 14.0 10.4 5.2 0.0 2.2
183
Ca Sr Ba Al
Ni-sub Mg 0005 | 0005 0005 0005 0005
Charge 5.3 12.2 10.8 10.5 18.5
Cycles 1 | Discharge 5.2 16.0 11.8 11.1 18.3
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