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Appendix llI: Estimates of Al,03; Coating Resistivities from Previous Experiments

This appendix describes how we estimate the resistivity of the am-Al,O; coating from previous Atomic Layer
Deposition (ALD) experiments. The coating is assumed to behave as an Ohmic resistor in series with an Ohmic
resistance for the rest of the system. These assumptions yield the following expression for the voltage and current
density relationship:

V=Vi+R,_ .S uem’

system™ system"’ active + p CoatinchoatingJactive ( AIH_I)

where V' is the applied voltage (or measured voltage) in the external circuit, ¥y is the open circuit voltage, Rsygen is the
total resistance of the system without the coating, Sq.. is the effective area of the system (without the coating) that
current flows through, J,.. is the current density through the coating layer, which is given per unit area of coating on
the portion of the cathode surface active for Li-intercalation, pcouing is the resistivity of the coating and L ogsing is the
thickness of the coating. In the following analysis we obtain V, Juuive and Learing by fitting to published experimental
measurements. We assume Ry em, Ssystem A0 peoaring are the intrinsic properties of the system and they don’t change with
the Joerive and Liogsing variation for a given study. Starting from a set of V, J,cive and Leogrng values, linear fitting to 7 as a
function Jyesive and Leogring is performed to obtain the coefficients Vi, RgyemSsysiem aNd peoaring: The intercept of the fit
determines V), and the coefficients of Jycsive and Leogring/active provide the values of RygenSsystem aNd peogring, rEspectively.
For two of the references we fit (Ref. [47] and Ref. [51]), the charging/discharging rate for the experimental capacity-
voltage plots was held fixed. Holding the charging/discharging rate fixed makes the RgysemSsystenSacrive term a constant
for different coating thicknesses. Therefore, when we do the linear fitting for Ref. [47] and Ref. [51], we combine the
RyystemSsystentactive term and Vo term together and define V; = Vy + RygemSsystentaciives and the intercept of the fit
determines V/;. This V; is the open circuit voltage of the cathode plus the overpotential of the system resistance (without
coating) and, for modest currents, should be qualitatively similar to the value of open circuit voltage of the cathode
material.

To obtain the current density through the coating layer during the charging/discharging process we assume that the
total current is uniformly flowing through an area of coating equal to the surface area of the cathode active for Li
intercalation. We will assess both this active cathode surface area and its ratio to the geometric cathode disk surface
area, as the latter is useful for determining current densities per unit active surface area from current densities given per
unit geometric area. To help clarify these relationships we provide the relevant equations and definitions in Eq. (AIII-2):

J qeom = 1/cathode geometric surface area = 1/A

geom
J e = I/cathode surface area active for Li intercalation =1/A
Jgeom/ Jactive = Aactive / Ageum = ﬂ

geom

(AIIL-2)

active

Here, Jyeom is the current density per unit geometric surface area of the cathode, J,cive (also defined above) is the current
density per unit surface area of the cathode active for Li intercalation, 4., is the geometric surface area of the cathode
disk, 4, 18 the surface area of the cathode active for Li intercalation, / is the total current flowing through the battery,
and S is the unitless active surface area to geometric surface ratio. We wish to determine J,.,. for a typical C-rate and
also 3 so we can easily transform Jg.,, (which is often provided in papers) to Jycive.

To determine J,.;,, we will consider 1 C rate current density through the coating, a value that can then be easily
scaled to any C rate. To determine 8 we will then compare our J,.. value with a previous experimentally reported 1 C
rate Jyeom and use Eq. (AIIl-2). For our analysis we use LiiCoO, as the relevant cathode material because the
experimental references that we used to fit resistivities choose either Li,CoO, or Li,(Ni;3Mn;;3Co0,3)O, (which we
approximate as similar to Li,CoO,) in their work. We will assume the average radius of a primary cathode particle is ~1
um for typical commercial Li,C00,.[57,101] A 1 C rate means the charging/discharging time is 1 hour[49,101] and we
will assume that this refers to Li,CoO, being charged to about 140 mAh/g, or about 0.5 Li/Co, which is common
practice to avoid phase changes and instability of the electrode.[102] We will assume that only the fraction of Li,CoO,
consisting of non-basal plane regions is active for Li transport, as Li cannot transport through the basal plane[103].
Based on previous DFT simulation work,[103] about ~50% of the total surface area is basal plane and 50% not basal
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plane. By considering a 1pum particle with half its surface area active and capacity of 140 mAh/g we can use the density
(5.05 g/cm®) and molar mass (97.87 g/mol) of crystalline Li,-;CoO, to estimate the current density through the active
surface of the particle at a 1C rate to be about J,.;,,=0.046 mA/cm?. For each experiment below, we use either this
value or closely related arguments to those just given to estimate J,.e-

For Ref. [49] and Ref. [50] discussed below we will make use of the active surface area to geometric surface ratio f
to determine J ... . Here we describe how the two surface areas and their ratio are determined. The geometric surface
area of the tested cells is easy to obtain. Both references used CR-2032 cells. Although these two references didn’t
provide information on the cathode disk size, we obtained information about cathode disk size from other papers using
similar CR-2032 coin cells. Specifically, other similar studies reported a geometric area of the cathode disk, 4g.,,, of 2
cm? [104], 1.6ecm? [105], and 1.27cm? [29]. Here we choose the median number and set Ageom = 1.6¢cm> To obtain the
active surface area for the cathodes in Ref. [49] and Ref. [50], we can use the geometric arguments given above, but we
need to know the amount of the active cathode material used in their experiments. However, the authors did not provide
their active cathode material weight. We therefore estimate the weight they used based on typical cathode weights in
commonly used protocols for CR-2032 coin cells. A literature search resulted in active cathode material weights for
CR-2032 coin cell experiments of 5.1 mg[106], 5.14 mg[29], 5.8 mg[104], 19.7 mg[107] (this reference actually used a
CR-2016 coil cell, but as the only difference is the thickness of the assembled cell we expect this to have a small impact
on the total active material used), and 20 mg [108]. Based on these values from previous experiments, we find that the
range of the cathode material weight is about 5~20mg. The average of the above five numbers is 11mg. We will use this
number in the following estimation of . Using the values discussed above (cathode particle radius of lum and
Li,—;CoO, density of 5.05 g/cm®) we predict the normalized specific surface area of the cathode particles to be 0.6 m?/g.
This number is also consistent with the value reported in Ref. [101] of 0.6 m?/g, which was obtained from BET
measurement. Considering that 50% of the total surface is non-basal plane, the normalized active surface area for Li
transport is 0.3 m*/g. From this value we estimate the active cathode surface area of a typical CR-2032 cell to be
3000(cm?/g) x 0.011 (g) = 33 cm”. So, the active surface area to geometric surface ratio 8 is 33 (cm?)/1.6(cm?) = 21. We
will use this £ value in the fitting work for Ref. [49] and [50].

The fits in this section are clearly quite approximate, with errors introduced both from the approximate methods of
extracting the published data, determining J,.,. and B, and lack of rigorous Ohmic behavior of the contributions
assigned to the coating. In general, as data for each coating thickness originates from a different sample and in some
cases the coating thickness can be very small, extracting the coating resistance is highly uncertain. All studies are for
Al,O3 ALD coated cathodes and therefore we assume the coating material is similar and at least nominally am-Al,Os.
These values therefore give a useful range for qualitative guidance on the effective resistance provided by ALD am-
Al,O5 coatings measured to date. The set of all resistivity values are summarized in Table AIII-1 and the details of
fitting for each data set are given below.

Table AIII-1. Summary of all resistivity data from previous experimental measurements used in the linear fitting.

References Resistivity (charge) MQm Resistivity (discharge) MQm
Cheng et al. Ref. [47] 7.8+0.22 154%1.3
Li et al. Ref. [49] 9134243 N/A
Riley et al. Ref. [50] 55 N/A
Woo et al. Ref. [51] 375£24 708.3+24.1

Fitting details for Ref. [47]

The data from this reference was extracted from the dQ/dV vs. V plots at different coating thicknesses, and the current
density is fixed at 0.2C rate. As discussed above, the J,.;. corresponding to 1C rate is 0.046mA/cm>. So the Jye
corresponding to 0.2C rate is 0.0092 mA/cm?. The voltage values of the dQ/dV peaks are taken to be the measured
voltage V in the linear fits. Due to the use of a constant current in the experiment we are forced to combine the
RyysiemSsystemaciive term and Vo term together and use V; = Vy + RygemSsysienaciive @S the y-axis intercept of the fit, as
discussed previously.
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Table AIII-2 Potential V (applied voltage in the external circuit), current density J,... and thickness L extracted from Ref. [47] and the

corresponding fitting results. Here we define the discharging current to be negative and charging current to be positive.

Discharging process
Potential (V) | Jueme (MA/cm?®) | Thickness (nm) Fitting result
3.885 -0.0092 25 Peoating® iﬁ’gﬁf eI G | . standard error o (V)
3.867 -0.0092 12.5 15.4+1.3 3.88+0.008
3.831 -0.0092 25 coefficient of 0.986
3.706 -0.0092 125 determination R ’
Charging process
Potential (V) | Juewe (MA/cm?®) | Thickness (nm) Fitting result
Peoaring® standard error ¢
3.971 0.0092 23 (MQm) V, £standard error ¢ (V)
3.981 0.0092 12.5 7.8+£0.22 3.9740.0013
3.991 0.0092 25 coefficient of 0.998
4.061 0.0092 125 determination R ’

The coating overpotential (|V — V;|) versus the |L oging/acrive| is shown in Fig. AIII-1.

0.2
y =0.1536x-0.0002
015 A R? =0.9857
2
.?.3 0.1 4 Discharging
2
8 0.05 - y=0.0784x 2605
g R?=0.9984
o Charging
0
-0-05 T T T T
0 0.25 0.5 0.75 1 1.25
Lcoatingjactive (nm'mAlcmz)

Fig. Alll-1 Overpotential of the coating (| V — V;/) vS. |LcoatingJactive | - The slope corresponds to the coating resistivity.

Based on our fitting to the data from Ref. [47], we can see that the resistivity of the am-Al,O; coating is 7.8+0.22 MQm

(1 MQm = 10°Qm) and 15.4+1.3 MQm fitted from charging and discharging processes, respectively.
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Fitting details for Ref. [49]

The data from this reference were extracted from the cyclic voltammogram plots at different coating thicknesses. The
voltage values of the I-V curve peaks are taken to be the measured voltage V in the linear fits. To calculate the J, e
corresponding to the I-V peaks, we take the total current values / of the peaks directly from the original figures. As the
author used CR-2032 type coin cell, we take the geometric surface area Ageo, = 1.6 cm? and the active surface area to
geometric surface ratio 8 = 21, based on our previous discussions. Based on these values, we can calculate J,.,. and
perform the Ohmic linear fitting.

Table AIII-3 Potential V' (applied voltage in the external circuit), total current /, current density J,. and thickness L extracted from Ref. [49]
and the corresponding fitting results.

Discharging process

Potential (V) total(rcll.l;r)ent ! (mﬁ;zvrﬂnz) Th;rcll;rll)ess Fitting result
) ) Peoaring® standard error ¢ RyystemSsysiem + standard V, +standard
377 0.368 0.011 0.264 (MQm) error 6 (MQcm?) error 6 (V)
3.615 -0.384 -0.0114 0.66 2619+1224 0.078+ 0.031 4.73+0.4
3.8 -0.288 -0.0086 1.32 coefficient of 0.58
. 2 .
3.8 -0.122 -0.0036 6.6 determination R
Charging process
Potential (V) total(rcll.l;r)ent ! (mﬁ;zvrﬂnz) Th;rcll;rll)ess Fitting result
Peoaring® standard error ¢ RyysiemSsysiem £ standard V,y +standard
4.12 0.7 0.0208 0.264 (MQm) error 6 (MQcm?) error 6 (V)
4.25 0.82 0.0244 0.66 913+243 0.00077+ 0.0046 4.06+£0.13
4.29 0.667 0.0199 1.32 coefficient of 0977
L 2 .
445 021 0.0063 6.6 determination R

We do not use the fitting results from the discharging data because the overpotential does not change as expected from
our simple model. First, the overpotential does not change linearly with thickness in a robust manner. More
significantly, if we compare the third or the fourth data point to the first data point, we can see that the potential V
actually increases when the coating thickness increases, which is contrary to our expectation that a thicker coating
causes a larger overpotential, leading to a decrease in the measured voltage V. Therefore, we only use the charging

process experimental data to fit the coating resistivity.
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Fig. Alll-2 Overpotential of the coating (| V - Vo— RyystemSsystemJactivel) VS. | LeoatingJactive | - The slope corresponds to the coating resistivity.

Therefore, based on the fitting work of Ref. [49], the resistivity of the am-Al,O3 coating is 913+243 MQm for the
charging process.

Fitting details for Ref. [50]

The data from this reference were extracted from the cyclic voltammogram plots at different coating thicknesses. The
voltage values of the I-V curve peaks are taken to be the measured voltage V in the linear fits. To calculate the J, e
corresponding to the I-V peaks, we read the total current values / of the peaks directly from the original figures. As the
author used CR-2032 type coin cell, we know the geometric surface area Aggg:1.6cm2. We use the active surface area to
geometric surface ratio =21 determined above. We can then calculate the J,.;,. values and perform the required linear
fitting.

In Ref. [50], the discharging data have a similar problem with Ref. [49], as there are two data points whose voltage do
not go down when the coating thickness increases, which is contrary to our expectation for the discharging process.
Therefore, we only fit the experimental data of the charging process. There is one outlier point in the charging data and
we exclude that point during the fitting.

Table AIII-4 Potential V' (applied voltage in the external circuit), total current /, current density J,.. and thickness L extracted from Ref. [50]
and the corresponding fitting results.

Charging process
. total current / Jactive Thickness .
Potential (V) (mA) (mA/em?) (nm) Fitting result
3.9 1.1 0.0327 0 Peoaing (MQm) RoystanSsysien (MQerm’) Vo (V)
391 0.88 0.026 0.8 55 0.00017 3.89
3.92 1.03 0.0307 1.2
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We do not have standard error and coefficient of determination R? in this case because we only have three data points
from the Ref. [50] measurement, and in Eq. AIII-1 there are three parameters to fit. The am-Al,Oj; resistivity based on
the measurement of Ref. [50] is 55 MQm.

Fitting details for Ref. [51]

The data from this reference were extracted from the voltage-capacity plots at different coating thicknesses. The point
with the largest slope of dQ/dV gives us the measured voltage V in the linear fits. In this work the charging and
discharging current is fixed at the geometric current density of Jyeo,= 0.045 mA/cm?. The geometric surface area of the
cell used in the experiment is Ag,,,~1.33 cm?. The active LiCoO,; cathode material in the cell is 3.77 mg. Based on the
analysis above we take the specific surface area of LiCoO, cathode particles active for Li transport as 0.3 m%/g. So the
total active surface area is Aac,m,:3000(cm2/g) x 0.00377(g) =11.31cm? Thus we can calculate the Jactive™ JgeomX
Ageom!Aactive = 0.045(mA/cm2) X 1.33(cm2) / 11.31(cm2) = 0.0053 mA/cm®. Due to the use of a constant current in the
experiment we are forced to combine the RgyemSsysien/active term and Vy term together and use V; = Vo + RygemSsysten/ active
as the y-axis intercept of the fit, as discussed previously.

Table AIII-S Potential V' (applied voltage in the external circuit), geometric current density Jycom, active current density J,civ. and thickness L
extracted from Ref. [51] and the corresponding fitting results.

Discharging process
Potential (V) (m‘k;g;nz) (mﬁc/”c“:lnz) Th;rcll;rrll)ess Fitting result
) Peoaring® standard error V, +standard
3.86 -0.045 0.0053 0 o (MQm) error 6 (V)
3.852 -0.045 -0.0053 0.23 708.3+24.1 3.86+0.0004
3.843 -0.045 -0.0053 0.46 coefficient of | 0.999
determination R
Charging process
Potential (V) (m;];;g’;nz) (mﬁc/”c“:lnz) Th;rcll;rll)ess Fitting result
Peoaring® standard error V, +standard
3.961 0.045 0.0053 0 o (MQm) error 6 (V)
3.965 0.045 0.0053 0.23 375+24 3.96+0.0004
3.97 0.045 0.0053 0.46 coefficient of | 0.996
determination R

So the resistivity of am-Al,O; coating is 375+24 MQm and 708.3+24.1 MQm for the charging process and discharging
process, respectively.
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