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System of Equations

P2D simulation was based on Newman’s work1,2, with the systems of equations used below.
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Lithium Flux Kinetics:
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Lithium Flux across Electrode & Electrolyte Interface:
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Electrolyte Current:
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Conservation of Current:
𝐼 = 𝑖1 + 𝑖2

Volumetric Surface Area:
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Electrode Particle Concentration: 
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Effective Ionic Conductivity and Diffusivity:
𝜅𝑒𝑓𝑓(𝑐)
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List of symbols are shown below.

List of Symbols
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Electronic Conductivity 
Ionic Conductivity 
Liquid Li+ Concentration c
Solid Li+ Concentration cs
Solid Potential 
Liquid Potential 
Porosity/Electrolyte Volume Fraction 
Li+ Insertion j
Open Circuit Potential U
Discharge Current Density I
Solid Phase Current Density i1
Liquid Phase Current Density i2
Volumetric Solid Particle Surface Area A
Solid Particle Radius r0
Electrolyte Diffusivity D
Solid State Diffusivity Ds
Bruggeman Exponent 
Transference number 𝑡 0

+
Faraday Constant F
Temperature T
Gas Constant R
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Table S1. Cathode Parameters used in P2D simulations.
Parameters LiCoO2 LiMn2O4 

Thickness (m) 255, Experimental 255, Experimental 
Solid State Li+ Diffusivity (m2 s-1) 3.5 × 10-13 3 1 × 10-14 4

Active Material Radius (m) 1.2 × 10-7 3.8 × 10-7 

Porosity 0.34, Experimental 0.34, Experimental
Bruggeman Exponent 1.5 1.5
Rate Constant (m2.5 mol-0.5 s-1) 3.1 × 10-13 5 8.4 × 10-13 6

Density (g cm-3) 5.0 7 4.3 8
Variable conductivity (S m-1)

Modified Conductivity (S m-1)

Open Circuit Voltage (V)

7000 × (1 – x)2 + 
5 × (1 – x) + 0.054,
0.5 ≤ x ≤ 1.0 
in LixCoO2 9,10

-Tanh(5.7(x – 0.555)) – 
1) / 3.1 – (Exp(59(x – 
0.84) + 1) / 4000 + 
Tanh(7(x – 0.76) – 1) / 
45 + Exp(-400(x – 0.5)) / 
40 + 3.88, 
0.5 ≤ x ≤ 1.0 
in LixCoO2, 
Experimental

0.006 + 0.2439((Tanh(-8(x – 
0.49) + 1) / 120 + Tanh(-45(x 
– 0.025) + 1) / 9 + Tanh(-60(x 
– 0.988) + 1) / 70),
0 ≤ x ≤ 1.0 in LixMn2O4 

11

0.006 + 0.2439((Tanh(-8(x – 
0.49) + 1) / 120 + Tanh(-45(x 
– 0.025) + 1) / 9 + Tanh(-
600(x – 0.974) + 1) / 70) + 
Tanh(-600(x – 0.974) – 1) / 
420,
0 ≤ x ≤ 1.0 in LixMn2O4

4.03 – (Tanh(12.5(x – 0.49) – 
1) / 18 – 0.035x + 0.05Exp(-
80(x – 0.03)) – (Exp(10(x – 
0.45) + 1) / 2000 – (Exp(70(x 
– 0.893) + 1)) / 2000
0 ≤ x ≤ 1.0
in LixMn2O4, 
Experimental
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Table S2. Anode and other parameters used in P2D simulations.
Electrolyte and Other Parameters Value

Transference number, 𝑡
0
+ 0.415 12

Initial Concentration (mol m-3) 1200, Experimental

Thermodynamic Factor, 
(1 +

∂𝑙𝑛𝑓 ±

∂𝑙𝑛𝑐
)(1 ‒ 𝑡 0

+ ) 0.28687 c2 + 0.74678 c + 0.44103 13

Conductivity (S m-1) 0.1297c3 + 2.51c1.5 + 3.329c 13

Diffusivity (m2 s-1) (-6.9444c2 + 7.3611c + 2.65) × 10-10, c < 0.8, 
6.4753 × Exp(-0.573c) × 10-10, c ≥ 0.8 13

Temperature (K) 298.15, Room Temperature
Gas Constant (J K-1 mol-1) 8.3145
Faraday Constant (A s mol-1) 96485
Separator Thickness (m) 100, Experimental
Separator Bruggeman Exponent 5.1, Experimental
Separator Porosity 0.78, Experimental
Anode Thickness (m) 710, Experimental
Anode Solid State Li+ Diffusivity (m2 s-1) 2.0 × 10-12 14

Anode Active Material Radius (m) 1.7 × 10-7 15

Anode Porosity 0.40, Experimental
Anode Bruggeman Exponent 1.5
Anode Rate Constant (m2.5 mol-0.5 s-1) 3.90 × 10-13 16

Anode Density (kg m-3) 3480 17

Anode Capacity (mA h g-1) 175 18

Anode Variable conductivity (S m-1) 300(x + 10-6)0.38 × 5(y – 1) / Exp(4.37(y – 1)200), 
0 ≤ y ≤ 1.0 in Li4+3yTi5O12 

19

Anode Open Circuit Voltage (V, vs Li/Li+) 0.21Exp(-116.96y) + 0.45Exp(-5000y) + 
0.27706Exp(-1010.1y) + 1.56 – 
0.001Exp(50(y – 0.87)), 
0 ≤ y ≤ 1.0 in Li4+3yTi5O12, Experimental
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Figure S1. SEM images of (a, b) LMO and (c, d) ball-milled LCO. The SEMs are at relatively (a, 
c) high and (b, d) low magnification.
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Figure S2. SEM images of the surface of sintered electrodes after the mild heat treatment 
comprised of only (a, b) LMO and (c, d) LCO materials. The SEMS are at relatively (a, c) high 
and (b, d) low magnification.



8

Figure S3. XRD patterns of LMO side (green) and LCO side (purple) in the CC:LMO:LCO or 
CC:LCO:LMO structure; blended LMO and LCO before (blue) and after (red) the sintering 
thermal treatment for the Blend case. The zoomed in region to the right highlights the (003) and 
(111) peaks for the materials. Indexing follows the LMO PDF card20 and  LCO PDF card21.
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Figure S4. (a) First cycle of composite cathode vs Li metal at C/20 cycled between 2.5 V and 4.3 
V (green) with LCO and (b) its rate capabilities. Rate capability in (b) includes cells with electrodes 
containing as prepared LCO (solid) and heat treated powder (dashed). (c) First cycle of composite 
cathode vs Li metal at C/20 cycled between 2.5 V and 4.3 V (purple) with LMO and (d) its rate 
capabilities. Rate capability in (d) includes cells with electrodes containing as prepared LMO 
(solid) and heat treated powder (dashed). (e) First cycle of composite cathode vs Li metal at C/20 
cycled between 2.5 V and 4.3 V (red) with a blend of LMO and LCO and (f) its rate capabilities. 
Rate capability in (f) includes cells with electrodes containing as prepared LMO and LCO (solid) 
and heat treated powder where the powders were separately heat treated and then blended during 
electrode fabrication (dashed). The heat treating conditions were identical to those used when 
processing sintered electrodes. 
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Figure S5. Discharge voltage profiles for (a) sintered pure LCO and (b) sintered pure LMO, along 
with (c) the corresponding rate capabilities. Anode for both cathodes was sintered LTO. Note that 
C/50 corresponded to 0.40 mA cm-2 for LCO and 0.44 mA cm-2 for LMO.
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Figure S6. Discharge capacity retention normalized to the first cycle discharge capacity at C/50 
for the Blend (red), CC:LMO:LCO (black), and CC:LCO:LMO (blue) cases.
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Figure S7. Electronic conductivity of (a) LMO and (b) LCO as a function of lithiation 
interpolated from literature 9–11,22.
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Figure S8. Calculated dQ/dV plot of the blend material using OCV interpolated from composite 
cells paired with lithium foil and cycled at a rate of C/20. 
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Figure S9. (a) Comparisons of the initially used interpolated (purple) electronic conductivity for 
LMO in the P2D simulation and the later fitted (green dashed) function with a significantly lower 
electronic conductivity at high extents of lithiation of the material. (b) P2D simulations of the 
voltage during discharge at C/50 using the fitted electronic LMO conductivity (green dashed) and 
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the corresponding experimental curve (black). (c) dQ/dV curves calculated from the C/50 
discharge data in (b) and corresponding to the P2D simulation using the fitted electronic LMO 
conductivity (green dashed) and experimental result (black). Red circles were added to the plots 
to highlight the region of the electronic conductivity function for LMO which was changed for the 
P2D simulation in (a), the area where a small plateau during discharge resulted from the updated 
P2D simulation in (b), and the corresponding peak from the plateau region in (b) that resulted in 
the dQ/dV in (c).
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Figure S10. dQ/dV plots calculated from the first five experimental discharge curves of (a) 
CC:LMO:LCO and (b) CC:LCO:LMO. Purple, blue, green, orange, and red lines were from the 
1st, 2nd, 3rd, 4th, and 5th discharge cycles, respectively.
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Figure S11. P2D discharge simulations for CC:LMO:LCO where LMO had fixed electronic 
conductivity of 0.5 S m-1 at C/50 (black) and C/20 (orange).
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