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Figure S1. Particle size distribution plot for the graphite and hard carbon used in this work.
The x-axis is plotted in both (a) linear scale and (b) log scale. The measured D50 value is 3.3
um for the hard carbon and 7.8 um for the graphite.
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Figure S3. Porosity maps of the (a) graphite, (b) Gr-50, and (c) hard carbon electrodes obtained
by calculating the porosity for each column of voxels over the through-plane. The average
porosity over the in-plane direction is also calculated and plotted for the (d) graphite, (e) Gr-
50, and (f) hard carbon electrodes.

-
o

R 56 pm ——Graphite
S gl —+—GR-50
z ——Hard carbon
©
S ol |
X
S 4
Y—
o
= | 4
ES 2
= s
O 1 f
0 50 100 150

Subvolume size, um
Figure S4. Scale-space analysis showing the width of 68%-quantile of the porosity distribution
vs. the sub-volume size for the graphite (black), Gr-50 (blue), and hard carbon (orange)
electrodes. For each sub-volume size, porosity of 100 randomly placed cubes (with the
corresponding edge length) was calculated. For the tomographic analysis in this study, a sub-
volume size of 56 um is chosen.
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Figure S5. Average pore size distribution of the (a) graphite, (b) Gr-50, and (c) hard carbon
electrodes. The dashed lines show the average values and the shaded areas show the standard
deviations.
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Figure S6. A single exemplary image slice of the 3-D particle segmentation using the watershed
algorithm™ for the (a) graphite, (b) Gr-50, and (c) hard carbon electrodes. Normalized
histograms of the volume equivalent particle diameters are calculated for the (d) graphite, (e)
Gr-50, and (f) hard carbon electrodes. The average volume equivalent particle diameters are
indicated with dashed red lines.
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Figure S7. Three-electrode measurements showing the anode potential (with respect to a Li

metal reference) vs. specific capacity (mAh/g) plots for graphite, Gr-75, Gr-50, Gr-25, and hard
carbon during lithiation at a C/10 rate.
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Figure S8. Voltage profiles of the graphite, Gr-75, Gr-50, Gr-25, and hard carbon pouch cells
during the (a) first charge cycle and (b) first discharge cycle.
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Figure S9. Normalized capacity vs. cycle number plot showing the capacity retention of all 5

types of pouch cells during 1C/1C charge/discharge cycling test. Cells were cycled between
2.7-4.2 V at 1C rate without CV hold.
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Figure S10. Cycling protocols for evaluating fast-charge capability at (a) 4C charge rate with
15-min total charging time and (b) 6C charge rate with 10-min total charging time. The
discharge rate was fixed at 1C without CV hold throughout the cycling test.
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Figure S11. Coulombic efficiency vs. cycle number plots under (a) 4C and (b) 6C fast-charge
conditions for the graphite, Gr-75, Gr-50, Gr-25, and hard carbon pouch cells.
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Figure S12. Cycle-to-cycle evolution of voltage traces occurring during 4C (15-min) and 6C (10-
min) fast-charge cycling for the graphite, Gr-75, Gr-50, Gr-25, and hard carbon pouch cells.
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Graphite Gr-75 Gr-50 Gr-25 c:rabrgn :
Cu foil thickness (um) 10 um :
Anode loading (mg/cm?) 9.42 9.69 10.29 10.78 11.24 Separator
Anode porosity (%) 31% 30% 32% 31% 31%
Separator thickness (um) »2ym | Tt Alfoil --------o e
Separator porosity (%) 47% ’
Cathode loading (mg/cm?) 16.58 mg/cm? Separator 1 stack
Cathode porosity (%) 34%
Al foil thickness (um) 15 um
Stack mass (mg/cm2) 38.98 39.46 40.9 41.45 42.37
Total area (cm?) 557.52 cm? Separator
Discharge energy (Wh) 4.4 431 4.11 3.72 3.35 :
Stack S(‘xﬁi/f:(cgf"ergy 202.4 195.9 180.2 161.0 141.8 X

Figure S13. Stack definition and stack specific energy information for the graphite, Gr-75, Gr-

50, Gr-25, and hard carbon pouch cells.

Q

4C (15-min) fast-charge cycling

100

Gr-50%
90 87%
80 Gr-75%
75%

Specific energy retention (%)

70~
Graphite
60 - ¢ *—e *® *—o|61%
50
40 | | | | |
0 100 200 300 400 500

Cycle number

O

Specific energy retention (%)

100

90

80

70

60

50

40

6C (10-min) fast-charge cycling

Gr-50%
82%

Gr-75%
63%

Graphite
48%

|
100

1 |
200 300
Cycle number

|
400

|
500

Figure S14. Specific energy retention vs. cycle number plots for the graphite, Gr-75, and Gr-50
cells during long-term (a) 4C and (b) 6C fast-charge cycling.



WILEY-VCH

a) b) 12 4

. 100

g éo: 10

a 90 $ 8-

g 8

S5 80— G

£ £ 6

2 70 - b

3 c 44

5 —e— After 4C charging (100 cycles) S

s 60 —{ —e— Before cell assembly £ 24

50 4 0 -
[ [ [ [ [ [ I I | [
0 25 50 75 100 0 25 50 75 100
Graphite content (wt.%) Graphite content (wt.%)

Figure S15. (a) Single-side electrode thickness and (b) percentage of thickness increase as a
function of graphite content in the hybrid anodes. Only the thickness of the active material
layer was measured, not the Li plating layer on the anode surface.
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Table ST1. Effective Li-ion diffusion coefficients measured using electrochemical impedance
spectroscopy.4

Hard carbon Gr-25 Gr-50 Gr-75 Graphite

Effective Li-ion

. .. ) 3.6-4.1x10" | 2.8-3.1x10% | 2.4-2.6x10* | 1.4-1.5x10* | 0.8-0.9x 10!
diffusivity (m?/s)
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Electrochemical modeling

Model equations

The model equations developed by Doyle et al.!! based on the porous electrode theory (PET)
were used to simulate the electrochemical behavior of our cells. Table ST2 contains the
glossary of all the variables and symbols used in the equations. We modified the term for the
reaction current per unit electrode volume given in Ref 5 to account for the presence of
multiple active materials.l® We denote the total reaction current per unit volume by R,,, which

is equal to F Y, ay o))

The model equations, along with the boundary conditions, are listed below. 1 indicates the
domain where it is valid (see Table ST2).

dcey O 0cCe o \Ro  iey 0tdy
Yo . _ev _ v ey Ty 1
7ot oz <Deff'¢ o ) T8 T - T, W
_ 0ey 2RT 0 In(fiy) o \OIncey
ley = = Keprp = T Kerrp |1 T ain(coy) (1-tiy)—F,— ()
iy
"~ =R 2b
0z v (26)
dc, 1 0 act
p,l/) — an(rn)z Pﬂl) (3)
ot (rmzorn\ P orm
0 0bsp.y
&' <O-eff,lp7 =R, (4)
_ 0.5F —0.5F
Jp = ‘gx(exp( RT "IT;) N exp( RT '73)) (a)
n n( nmax n,surf 1/2 n,surf 1/2 Cep 12 5h
i = kw(cp,w — Cp ) (cmp ) P . (5b)
7717/1; = ¢sp,1p - ¢e,1/) - U$ (5¢)
dc
_Deff,a% o =0 (63)
dc
Dyt =0 (6b)
0z |y argeL,
J0Ce 0Ce
_D - D 4
effa g, - effs 5, _— (6c)
¢, s dc, .
502 e g S0z | ymgrit (6d)
ie,alzzo =0 (7a)

=0 (7b)

iec| =
€Clz=La+Ls+Lc
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acl
Y _
—D;l'w W |.,.n=0 =0 (83)
ac?
Py
0(]55101,,
) =]
eff.c app (9a)
0z z=Lg+Ls+L¢
ad)sp,l[)
—Oe¢ffa 9z =0 (9b)
Z=Lg
a¢sp,1/)
~Oeffc ™ =0 (9c)
0z Z=Lg+Lg
¢sp,a|z=0 =0 (10)

Table ST2. List and description of the variables and symbols used in the model equations

Symbol Description
Y Subscript indicating the domain (a for anode, s for separator, and c for cathode)
p Subscript indicating the active material
n Superscript indicating the type of the active material (n = 1 for graphite, n = 2 for hard
carbon in the Gr-50 anode)
z Coordinate for the cell thickness, m
Cep Electrolyte concentration, mol/m3
&y Electrolyte volume fraction (porosity)
Desr Effective electrolyte diffusivity, m?/s
tﬁlw Transference number for the Li-ions in the electrolyte
Surface area of the active material per unit volume of the electrode. For spherical particles,
n n
a £
Py it is equal to 3 2%, m2/m3
Rpw
]$ Electrochemical reaction flux at the electrolyte/active material interface, mol/m?s
le Electrolyte current density, A/m?
F Faraday’s constant, C/mol
R, Total reaction current per unit electrode volume, A/m3
g}w Radius of the active material particles, m
ez’}‘w Volume fraction of the active material particles in the electrode
Ly, Thickness of the domain, m
Cg,w Li concentration in the active material, mol/m3
rt Radial coordinate defined within the spherical active material particles, m
gw Diffusion coefficient of Li inside the active material particles, m?/s
Keffap Effective electrolyte conductivity in the domain, S/m
Pep Electrostatic potential of the electrolyte, V
R Universal gas constant, Jmol/K

10
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T Cell temperature, K
m D d f the electrolyt tivit fficient the electrolyt trati
3 ln(ce,ll,) ependence of the electrolyte activity coefficient on the electrolyte concentration
Ocffa Effective electronic conductivity of the electrode, S/m
sp Subscript Iindica'.cing the solid phase, which includes the active material, the carbon additive,
and the binder, inside an electrode
Dspp Electrostatic potential of the solid phase, V
Lapp Applied current density, A/m?
iy Exchange current density used in the Butler Volmer equation, A/m?
7]1';, Local overpotential in the electrode that drives the electrochemical reaction, V
Uy Open circuit voltage (OCV), V
c;';,urf Local Li concentration on the surface of the active material particles
C;,l,'fpnax Maximum Li concentration inside the active material particles

The above system of coupled partial differential equations was solved using COMSOL
Multiphysics 5.4a. The one-dimensional domain was discretized using elements with max size
of 1x1077 m. The multifrontal massively parallel sparse direct solver (MUMPS)® and a
Generalized Alpha solver for time-stepping with a relative tolerance of 1x107° were
employed. The value of ¢, s was set to 1 mol/m>.

Model Parameterization

All the parameter values used for the models are listed in Table ST3 along with their source
and a comparison with the ranges, except for the cathode parameters, which can be found in
our previous paper. /) Note that the cathode parameters were set such that it does not limit
the anode kinetics and thus the results in this work would not depend on them as long as this
requirement is met. Some of the model parameters were gathered from the literature or
obtained experimentally; the remaining parameters were determined by fitting in a similar
fashion as described in our previous work.”l The open circuit voltages (OCV) for the graphite
and hard carbon anodes are shown in Figure S17. The intrinsic electrolyte properties that vary
with the electrolyte concentration are obtained from Ref 8 and are shown in Figure $18.18 The
intrinsic diffusivities of Li inside graphite as a function of the Li site fraction is obtained from
the Ref 9 and is shown in Figure $19.°! More details about the parameter selection, OCV
measurements, etc. can be found here.l’!l The fitting was carried out by matching the
simulated anode voltages (vs. Li/Li* reference) for the three anodes with the corresponding
three-electrode measurements. The models for the non-hybrid graphite and hard carbon
anodes were parameterized first. It is noted that the values of effective electrolyte diffusivity
were verified to be within 10% of the experimental value for graphite and within a factor of
two for the hard carbon (Table ST1); as these are in agreement within the combination of
experimental and modeling uncertainty, we retained the fit value for the simulations.

For the Gr-50 model, all the material properties were set to the same values as determined
from the non-hybrid anodes except for two parameters. One is the effective electrolyte
diffusivity and conductivity, which depends on the anode microstructure. In addition, another

11



Table ST3. Parameter values used in the simulations, along with their
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parameter that must account for the experimental uncertainty in the electrode loading. The
loading depends on three factors: electrode thickness, active material volume fraction, and
the maximum Li concentration, which is directly proportional to active material density. While
in principle there are uncertainties in all of these factors, the simulation results are only
sensitive to the loading. Hence, we chose to treat the maximum Li concentration in hard
carbon as a fitting parameter to account for the uncertainty. The values obtained for the
maximum Li concentration are fairly close to each other (only ~5% difference between the
value used for the hard carbon anode and that used in the Gr-50 anode, as shown in Table
ST3), which shows that the aforementioned approach is reasonable.

comparison with the ranges of values surveyed from the literature.

sources and

Parameters Values Units Sources Range of
values in
literature (if
applicable)

Intrinsic material properties

Diffusion coefficient of the | (2.2x10%° - 4.24x10™) /s Literature © | —-

electrolyte, D, (Fig. S18b)

. — P T o

lonic conductivity of the | (1x10 9.5x10™") (Fig. s/m Literature [ B

electrolyte, K, $18a)

Transference number in the | 1.1x10" - 3.7x10* (Fig. : 8]

0 - Literature -
electrolyte, t3 S18c)

Activity coefficient of the

- i - i (8l -
electrolyte, ain(f4) 0-2.5 (Fig. S18d) Literature
dln(cr)

Diffusion coefficient of Li | (6.6x10"® — 4.2x10%3) m/s Literature 1x10"° - 1x107

inside graphite, D, (Fig. S19) m?2/s 110

Diffusion coefficient of Li 14 ) . (11]

inside hard carbon, Dy 3.9x10 m?/s Literature

Electronic conductivity of 1

NMC, oyumc 6.8x10 S/m Literature 12 |

EIectrpmc conductivity of 1x102 s/m Literature 13 | —-

graphite, g,

Electronic conductivity of 1x102 s/m Literature 11

hard carbon, oy

Graphite Anode

Thickness (L) 6.8x10° m Experiment -

Particle radius (R},,a) 4.06x10° m Experiment -

Electrolyte volume fraction 3.132x10" B Experiment B

(£a)

Active  material volume 1 )

. 1 6.456x10 -- Experiment --

fraction (&34 )
1.7x10™ -

Reaction rate constant (k1) | 2.574x10%° m/s Fitting 1.5x10%° m/s
[13-17]

4

Max Li concentration in 5 95x10° ym? | Fitti ggggxi&

. 1,max JoX mol/m ITting . X
graphite (Cp.a ) m0|/m3[14—17]

12
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Initial Li concentration in

1 3 | coees B
graphite (Cr%,alt:(,) 2.95x10 mol/m? | Fitting
Li diffusion coefficient in 0.2055xD 2 Fitti
graphite (D 4) ' ar m/s tHing
Effective Li diffusion
coefficient in the electrolyte | 2.6x10?xD; m?/s Fitting --
(Deff,a)
Effective electrical > - 1x10'-2.2x10°
conductivity (0u/7.q) 5.36x107x0g, S/m Fitting 5/m (141713
Effective ionic conductivity 5 6x10% s/ Fitti
of the electrolyte (kfsq) O m ting N
Initial electrolyte salt )
) 1x103 mol/m? | Experiment -
concentration (ce,a|t=0)
Hard Carbon Anode
Thickness (L) 1.04x10* m Experiment -
Particle radius (R},,a) 1.64x10°® m Experiment -
E‘Igec)trolyte volume fraction 3.114x10-" B Experiment B
a
Active  material volume 1 )
. 1 6.353x10 -- Experiment --
fraction (&54)
Reaction rate constant (k1) | 2.244x10° m/s Fitting
Max Li concentration in Hard 4 N
Carbon (cl'max) 1.6667x10 mol/m? | Fitting
p,.a
Initial Li concentration in . Umd | Fitti
Hard Carbon (C;'a|t=o) 1.6667x10 mol/m itting -
Li diffusion coefficient in ) _
Hard Carbon (D} 4) 1xDpc m’/s Fitting -
Effective Li diffusion
coefficient in the electrolyte | 4.76x10?%xD, m?/s Fitting --
(Deff,a)
Effective electrical 5 . 1x10'-2.2x10?
conductivity (0 f7.q) 9.71x10*x0y¢ S/m Fitting §/m [1447.15]
Effective ionic conductivity 4.76x10° s/ Fitti
of the electrolyte (kfs4) HOXITTXI m tHing -
Initial electrolyte salt )
) 1x103 mol/m? | Experiment -
concentration (ce,a|t=0)
Gr-50 Anode
Thickness (L) 8.3x10° m Experiment -
E‘Igec)trolyte volume fraction 3.169x10-! B Experiment B
a
Active  material volume 2 63110 Experiment
.631x - -
fraction- Graphite (3 ;) P
Active  material volume 1 )
3.634x10 -- Experiment --

fraction- Hard Carbon (&2 ,)

13



WILEY-VCH

Max Li concentration in Hard 1.75510° ym? | Fitti
Carbon (C;:;'nax) . X mol/m ITting
Initial Li concentration in 5 95x102 Jm? | Fitti
. .95x% mol/m ittin -
graphite (C;,a|t=0) g
Initial Li concentration in L Umd | Fiti
Hard Carbon (czg.alt:()) 1.75x10 mol/m itting --
Effective Li diffusion
coefficient in the electrolyte | 3.5x10?xD, m?/s Fitting --
(Deff,a)
Effective electrical 6.92x10? s/ Fitt
conductivity (0erf.q) FEX X6y m g
Effective ionic conductivity 5 L
of the electrolyte (io77.q) 3.5x10°xK;, S/m Fitting --
Initial electrolyte salt )
) 1x103 mol/m? | Experiment -
concentration (Ce,a|t=0)
Separator
Thickness  (Ls) - three- 2.2x10™ m Experiment --
electrode cell
Thickness (Lg) — pouch cell | 1.2x10° m Experiment -
Volume fraction of
electrolyte (&5) — three- | 7.1x10% - Experiment -
electrode cell
Volume fraction of 4 .
electrolyte (&) — pouch cell 4.7x10 - Experiment -
Effective Li diffusion
coefficient in electrolyte | 5x10"x D, m?/s Fitting --
(Deff,s)
Effective ionic conductivity Ex10 s/ Fitt
of the electrolyte (k¢fss) XL m g N
Initial electrolyte salt )
) 1x103 mol/m? | Experiment -
concentration (ce,5|t=0)
Other
Temperature 2.98x10? K Experiment --
1C current density 2.326x10* A/m? Experiment --
q 12 b 12
1 17
§ 0.8 § 0.8¢
g ¢
=06 S 067
i &
204 204}
S S
0.2} 0.2¢
0 : ‘ ‘ : 0 : ‘ :
0 02 04 06 08 0 02 04 06
xLi XLi
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Figure S17. The open-circuit voltage as a function of the lithium site fraction for (a) graphite

and (b) hard carbon as used in the simulations.
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Figure S18. The intrinsic properties of the electrolyte as a function of Li-ion concentration. (a)
lonic conductivity, (b) diffusion coefficient, (c) transference number of Li-ion, and (d) the
dependence of the salt activity coefficient on the electrolyte concentration.®!

The comparison of the simulated and measured
voltages for the three anodes at six different C-
rates in the three-electrode cell configuration is
provided in Figure S20. It should be noted that
change in the reference voltage due to the change
in the electrolyte concentration in the separator
during charging was less than 10 mV at all times.
Hence, we simply report the anode voltage with an
assumed reference value of OV at the middle of the
separator. The match for the graphite (Figure S20a)
and hard carbon (Figure S20b) are excellent at all
the C-rates. The minor discrepancy between the
experimental measurement and the simulated
result for the graphite anode at 0.5C can be
attributed to the uncertainty in the measurement.
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Figure S19. Li diffusion coefficient in graphite
as a function of the Li site fraction."

The match for the Gr-50 anode (Figure S20c) is good as well. The deviations at 4C and 6C can
be attributed to the assumptions of the single-particle size instead of a distribution, and the
isotropic solid-state diffusion in the model. Nonetheless, the results are expected to be robust,
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as the model reasonably reproduces the experimentally measured voltages for the Gr-50
anode for the same set of parameters as determined from the individual matches.

The parameterized models were then used to simulate the electrochemical performance of
the graphite, hard carbon, and Gr-50 anodes at 4C and 6C in the pouch cell configuration. It
should be noted that the pouch cell configuration has a thinner separator as compared to the
three-electrode cell configuration (12 um vs. 220 um, as listed in Table ST3).

Graphite Hard Carbon
| —0. xp.—1C Exp.—4C Exp. —0.1C Exp.—1C Exp.—4C Exp.
| --0.1C Sim.--1C Sim.--4C Sim. --0.1C Sim.--1C Sim. - -4C Sim.
4 —0.5C Exp.—2C Exp. —6C Exp. 1 —0.5C Exp.—2C Exp. —6C Exp.|
, 04 --0.5C Sim.- -2C Sim. 6C Sim.| T --0.5C Sim. - -2C Sim. - 6C Sim.

5
Capacity (mAh)
Gr50%
c)1.2 : ‘ ‘
—0.1C Exp.—1C Exp. —4C Exp.
--0.1C Sim.--1C Sim.--4C Sim.
1) —0.5C Exp.—2C Exp. —6C Exp.|
+ --0.5C Sim.--2C Sim. - -6C Sim.
]

Capacity (mAh)

Figure S20. The comparison of the experimental and simulated voltages at six different C-rates
for the (a) graphite, (b) hard carbon, and (c) Gr-50 anodes in the three-electrode cell
configuration.

Figure S21 shows the fraction of the current contributed by each component in the Gr-50
anode during 4C charging in the pouch cell configuration. The blue and magenta curves
represent the contributions by the graphite and hard carbon components, respectively. It can
be seen that the sum of the current contribution by the two components is always equal to
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one, as shown by the black curve. Moreover, three regimes are observed in the plot. The first
regime is observed between 0 and 80 seconds, where the hard carbon component contributes
most of the current as the graphite component is electrochemically inactive in the voltage
range corresponding to that time period, except for the region near the anode/separator

interface.

The second regime is observed
between 80 and 290 seconds, where
the contributions by the graphite and
the hard carbon components
monotonically increase and decrease,
respectively. The last regime is
observed from 290 seconds to the end
of charging, where the current
contributions remain nearly constant.
Throughout the charging, the hard
carbon component contributes to most
of the current. This reduces the load
experienced by the graphite
component.

Figure S22 shows the comparison of
Hoo for the three anodes during 4C
charging. As mentioned in the main
text, the graphite anode progressively
develops reaction inhomogeneity, with
Hoo rapidly decreasing from 0.86 to
0.61. In contrast, the hard carbon
anode has a higher reaction
homogeneity as the Hgy value for it
remains above 0.77 throughout
charging. The Hgo behavior for the Gr-
50 anode is more complex, as there is
a rapid decrease in the Hgo value
followed by a plateau and an increase.
The non-monotonic behavior is under
investigation at the time of writing and
will be explained in detail in a future
study. Nonetheless, it can be seen that
Hoo for Gr-50 is always higher than that
for the graphite anode throughout
charging. The low Hgovalue at the very
beginning of charging in all the three
anodes is because of the lower ionic
conductivity as compared to the
electronic conductivity, due to which
the reaction current density is initially
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Figure S21. Fraction of the applied current

contributed by the hard carbon (magenta) and the

graphite (blue) components in the Gr-50 anode

during 4C charging. The black curve represents the

summation of the two components.
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Figure S22. Comparison of Hqo for the graphite
(blue), hard carbon (magenta), and Gr-50 (black)
anodes for 4C charging.
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high near the anode/separator interface, as discussed in Ref 19.11%

Figure S23 shows the results for the 6C galvanostatic charging of the three anodes in the pouch
cell configuration. The simulations were terminated when the anode voltage (vs. Li metal
reference) reached 0V, as in the 4C simulations. The trends observed in the simulated voltage
and the reaction current density distribution for the 6C simulations for the three anodes are
similar to the trends observed in the 4C results. Therefore, our discussion in the main text also
applies here. In summary, the graphite anode has a highly inhomogeneous reaction current
density distribution, which makes it susceptible to Li plating. This inhomogeneity can be
reduced by blending the graphite anode with hard carbon, which reduces the load on the
graphite particles.
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Figure S23. Evolution of the local reaction current density as a function of the position along
the thickness of the a) graphite, b) Gr-50, and c) hard carbon anodes during 6C charging. The
schematic on the left of a) shows the orientation of the anodes in the evolution plots. The top
edge and the bottom edge of each evolution plot correspond to the anode/separator and
anode/current collector interfaces, respectively. (d-e) Evolution of the local current density
contribution by the graphite and hard carbon components in Gr-50. The maximum magnitude
on the color bar has been limited to 10 A/cm3to enable a better comparison among the three
anodes, although the maximum magnitude of the current density observed in the graphite
anode is ~¥13 A/cm3. Therefore, the dark red regions in the graphite plot have values between
-10 A/cm? and -13 A/cm?. (f) Comparison of the simulated voltage vs. time plots obtained for
6C charging for the three anodes. (g) Comparison of Hgg for the three anodes.

18



WILEY-VCH

Experimental section

Electrode fabrication

Electrodes were prepared using a pilot-scale roll-to-roll processing facility at the University of
Michigan Battery Lab. Battery-grade graphite (Superior Graphite) and hard carbon (Pred
Materials International) were used as the active anode materials. Active materials were first
mixed with CMC/SBR binder in a weight ratio of 94/3/3 in deionized water to make a
homogeneous slurry. The resulting anode slurry was then casted onto 10 um copper foils
(Fukuda). The specific capacity of the graphite and hard carbon used in this work was
measured (at a C/10 rate) to be 335 mAh/g and 275 mAh/g, respectively. Therefore, areal
mass loadings were slightly adjusted for hybrid anodes with varying graphite/hard carbon
blend ratio to obtain the same areal capacity loading of ~3 mAh/cm?. After casting, the anodes
were dried and calendered to a porosity of 31-33%. LiNipsMno3C00202 (NMC-532, Toda
America) was used as the cathode material. The cathode formulation was 92 wt.% NMC-532,
4 wt.% C65 conductive additive, and 4 wt.% PVDF binder. The cathode slurry was casted onto
15 um aluminum foils (Targray) with a total areal mass loading of 16.58 mg/cm? and
calendered to a porosity of 34%.

Pouch cell assembly

Fabricated electrodes were first baked in vacuum ovens at 90°C overnight to remove any
residual moisture prior to pouch cell assembly. Pouch cells were assembled in a dry room (< -
50 °C dew point) at the University of Michigan Battery Lab. Each pouch cell was constructed
of 4/5 cathode/anode double-sided electrodes with 12 um polyethylene separators (ENTEK).
A N/P ratio of 1.16 was fixed for all five types of cells. The electrode area was ~70 cm? on each
side. 1M LiPF¢ in 3/7 EC/EMC with 2% VC additive (SoulBrain MI) was used as the electrolyte.
After electrolyte filling, cells were vacuum sealed and allowed to rest for 12 hours to ensure
full electrolyte infiltration into the electrodes. Subsequently, formation cycles were
performed at C/10 rate between 2.7-4.2 voltage window. Afterwards, the cells were
transferred back into the dry room, degassed to release gases produced during the formation,
and then re-sealed.

Pouch cell testing

Pouch cells were cycled in a temperature-controlled chamber at 30 °C using a Maccor 4000
series automated test system. To evaluate the fast-charge capability of the hybrid anodes, a
CC-CV charging protocol with a charging time cutoff was used (15 min for 4C and 10 min for
6C). For 4C (15-min) fast charging, pouch cells were first charged at a constant current (CC) of
4C rate until reaching an upper voltage cutoff of 4.2V, and then charged at constant voltage
(CV) until a total charging time (CC+CV) of 15 minutes was reached. For 6C (10-min) fast
charging, the applied CC current was 6C rate and the total charging time was limited to 10
minutes. Throughout the course of cycling, the discharge rate was fixed at 1C with a voltage
cutoff of 2.7 V without any CV hold.

It is noted that due to the varying ICE values, the hybrid pouch cells have different cell
capacities after formation cycles (Figure 3d). This can make the rate performance comparison
difficult since the applied current (in C-rate) is proportional to the cell capacity. To facilitate a
more direct comparison between all 5 types of pouch cells, here we define the applied current
solely based on the capacity of the graphite cell after formation (1.3 Ah). In other words,
during 4C and 6C fast charging, a current of 5.2 A and 7.8 A was applied on all pouch cells. We
believe that this is a valid comparison since all the anodes have the same areal capacity loading
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(3 mAh/cm?). Therefore, the applied current density is the same with respect to the anodes
during fast charging.

Three-electrode electrochemical measurements

Three-electrode measurements were performed using a commercial electrochemical test cell
(ECC-PAT-Core, EL-CELL). In this setup, the hybrid anodes were used as the working electrode
and Li metal was used as the counter electrode. In addition, a ring-shaped Li metal was used
a reference electrode to measure the potential of the hybrid anodes with respect to Li/Li*.
Electrochemical data was collected using a BioLogic VSP potentiostat (Bio-Logic USA), which
can measure the potential of the working and counter electrodes vs. the reference electrode
potential.

Materials characterization

Post-mortem SEM analysis was performed to characterize Li plating during fast-charge cycling.
Cycled pouch cells were first fully discharged to 2.7V and then transferred into an argon-filled
glovebox (MBRAUN). Electrodes were carefully collected from the pouches and rinsed
thoroughly with dimethyl carbonate (DMC) several times to remove any electrolyte residues.
The cleaned electrodes were subsequently dried and stored in the glovebox antechamber
under vacuum before transferred into SEM for imaging. SEM analysis was performed using a
Tescan MIRA3 FEG SEM at the Michigan Center for Materials Characterization.

Tomography image analysis

Tomography

X-Ray tomography images were obtained at the TOMCAT beamline at the Paul Scherrer
Institute (PSI). Samples were prepared by punching cylindrical pieces of 1 mm diameter out of
the electrodes and then attaching to the sample holder with a 0.5 mm thick disk of epoxy
(BUhler) between the sample holder and the actual sample.

The beamline was operated using a parallel beam with a beam energy of 20 keV and a ring
current of 400 mA. The images were obtained using a CCD camera (PCO.Edge 5.5) with a
microscope (Opt.Peter MB op) with a magnification of 40 and an exposure time of 300 ms per
projection. A total of 1501 projection per sample consisting of 2560 voxels in x- and y-direction
and 1162 voxels in z-direction with a voxel size of 162.5 nm were collected. 10 darks and 100
flats were taken to measure beam parameters and background noise. 3-D images were
obtained by rotating the sample by 180° in 0.12° steps around the z-axis. 3-D image
reconstruction was done by using the Paganin algorithm?® with delta = 10, beta = 10,
distance =5 mm, and pixel size = 162.5 nm.

Image stack processing using Image)

The image stack of each electrode was processed using Imagel to decrease the image stack
size by cutting the electrode surroundings and correcting for tilts in the x- or y-direction.
Imagel) was also used for image overlays to compare filtered data to pristine data and
segmented data to pristine data.

Segmentation using MATLAB

Image segmentation was performed by iterative greyscale thresholding and morphological
operations. A threshold correction of £0.05 with respect to the value from the Otsu threshold
method is chosen to identify (a) the solid phase (Otsu + 0.05) -1 and (b) the pore space O-
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(Otsu — 0.05) with high confidence according to their grey-values (Figure S24). The electrode
regions with intermediate grey values of Otsu + 0.05 were iteratively assigned to the solid
phase and pore space with morphological operations. Specifically, 5% of the voxels of the
intermediate grey values were changed to white solid phase seeds that were randomly placed
in this spatial region and iteratively dilated with cubes of 2-voxel-size edge length. The process
also ensured that the dilation did not extend the newly created region into the previously
assigned solid or pore space regions.

Graphite GR-50 Hard carbon
x10° 10" <107 ]
18| —Otsu —Otsu b 4} —0Otsu
——Otsu - 0.05 a ——Otsu - 0.05 —Otsu - 0.05 C
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Figure S24. Grey-value histograms of the (a) graphite, (b) Gr-50, and (c) hard carbon electrodes.
The calculated Otsu threshold (black line) and its correction by -0.05 (blue line) and +0.05 (red
line) are shown in the figures.

Representative volume element

To analyze the electrode properties and acquire statistical information, a cubic sub-volume
with an edge-length of 346 voxels (56.23 um) was used. The sub-volume size was kept the
same for all three electrodes to ensure no difference could originate from a change in the sub-
volume size.!?!l An analysis using a 1000 x 1000 x 346 voxel (162.5 um x 162.5 pm x 56.23 pum)
volume was performed (shown below). The acquired values for average porosity and pore size
are similar between the 346 x 346 x 346 voxel and 1000 x 1000 x 346 voxel sample sizes,
indicating that the chosen sub-volume size (346 x 346 x 346 voxel) is representative.

Size Average porosity [%] | Average Pore size [um]
346 x 346 x 346 32.3 1.02
1000 x 1000 x 346 | 32.6 1.01
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