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1. Determination of the distance between generator electrode and collector electrode

Impedance spectra of the liquids m-xylene and n-dodecane between the generator electrode and
the collector electrode (two-electrode setup) were taken. The impedance spectra were converted
into capacitance spectra via:
C(@) = —— (sD)
iwZ(w)

Figure S1 show a representative plot of the real part of the capacitance of m-xylene, C'(w), in a
frequency range from 106 Hz to 103 Hz. A linear fit in the bulk plateau region in the range of 10° Hz
to 10* Hz yields a capacitance of (6.03 +0.05) pF for m-xylene and (5.26 + 0.05) pF for n-

dodecane, respectively.

In a parallel-plate setup with two electrode of different diameter, the capacitance is given by:™
& * & - 4mD? 4mD
c=2 Tty gD (In(=2) - 3), (S2)
Here, D = 4 mm is the diameter of the smaller generator electrode, while w is the distance
between the two electrodes. g, = 8.854 - 10~ 12 :—; denotes the permittivity of free space. Eq. (S2)

is valid, if the difference of the electrode diameters (here 2 mm) is at least three times larger than

w, which is the case here.



With the relative permittivity of m-xylene, &, = 2.357,@ and of n-dodecane, &, = 2.020,F an
electrode distance of w = 46.0 um (m-xylene) and w = 45.0 um (n-dodecane) was obtained.
Averaging these two values yields (45.5 + 0.4) pm.
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Figure S1. Real part of the complex capacitance of m-xylene and n-dodecane in a frequency

range from 10° Hz to 103 Hz. The solid lines show a linear fit in the bulk plateau regime.

2. Analysis of impedance spectra in the elastance plane

The frequency-dependent elastance S(w) was calculated from the frequency-dependent

impedance Z(w) via:
S$(w) = iwZ(w) =S+ 15" (S3)

Here, i is the imaginary unit. The high-frequency branch of the spectra originating from the

electrolyte resistance was fitted by a line, and the linear fit was extrapolated to the S’ axis, see

Figure S2. As shown in Ref. [4], the S’ axis intercept is given by CL+CL which is virtually
SEI DL

identical to CL since the double layer capacitance Cp; is much higher than the SEI capacitance
SEI

Csg;. Since the porosity of the inner SEI is low already at short SEI formation times, it is likely that

the SEI composition is virtually constant and that also the relative permittivity of the SEI is virtually



constant, even if the inner layer of the SEI is heterogeneous. Assuming that the relative
permittivity of the SEl is & = 10, the SEI thickness was calculated as:

o&rA
dsg; = C (S4)
SEI
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Figure S2. Impedance spectra in the elastance plane during SEI formation at 0.8 V vs. Li*/Li. Left:
Impedance spectra at different SEI formation time including linear fits of the high-frequency

branch. Right: Representative impedance spectrum obtained close to 32 hours of SEI formation
time including linear fit of the high-frequency branch.
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Figure S3. Temporal evolution of the SEI thickness obtained from the elastance spectra shown
in Fig. S2.



3. Additional chronoamperometric data
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Figure S4. Measured currents during SEI formation at 0.8 V vs. Li*/Li and during the generator-

collector experiments.
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Figure S5. Measured currents during SEI formation at 0.6 V vs. Li*/Li and during the generator-

collector experiments.
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Figure S6. Measured currents during SEI formation at 0.1 V vs. Li*/Li and during the generator-

collector experiments.
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Figure S7. Integrated charge curves for a representative generator-collector experiment close to
32 hours of SEI formation at 0.8 V vs. Li*/Li. Grey data points: Integrated charge at the generator
electrode during the “on’-state (t-tsax = 0 — 300 s) due to Fc oxidation. Black data points:
Integrated charge during the “off™-state (t-tsiat > 300 s) due to Fc* ion reduction. About one hour
after the “on” — “off” switching, the reductive charge at the generator electrode is virtually identical
to the oxidative charge in the “on’-state.



4. Simulation of the generator-collector experiment

The simulations were performed by means of the Electroanalysis module of COMSOL

Multiphysics 5.0 (COMSOL Inc.). A generator-collector experiment on a Fc* /Fc redox couple
Fc s Fct +e”

was simulated using the same length scales as in the experimental setup. The transport of Fc
and Fc* in solution was simulated under supporting electrolyte conditions using Fick's second

law:

dc;
d—ctl = D VZ¢; (S5)

with i = Fc*, Fc. The diffusion coefficients of both species were assumed to be identical, Dy, =
Dp.+ = D. Initial concentration of the species are cg.+(t =0)=10mM and cg.(t =0) =0,
respectively. Fick's second law was solved numerically in a cylindrical coordinate system with r

denoting the radial distance and z denoting the axial coordinate.

The rate equation (S6) was utilized to compute the time-dependent current density jgenerator(t)

due to the heterogenous charge transfer reaction at the generator electrode:
jgenerator(t) = F kox Cpc(z = w,t) (S6)

with k,, and F denoting the rate constant of the ferrocenium oxidation reaction and the Faraday
constant, respectively. The rate equation (S7) was utilized to compute the time-dependent current

density j.onector (t) due to the charge transfer reaction at the SEI-covered collector electrode:

jcollector(t) = — F ket Cpct (z = 0,t). (87)

Here k. is an effective rate constant of the ferrocenium ion reduction reaction at the SEl-covered

collector electrode. At the cell walls, the insulating boundary conditions:
Ve; =0 (S8)
hold with i = Fc™, Fc.

All boundary conditions of the simulation are depicted in Figure S8, and the simulation parameters

are listed in Table S1. The computational mesh of the model is shown in Figure S9.



In Figure S10, spatial images of the concentration of ferrocenium ions during the “on” state at to

. . . D
t — tstart = 300 s are depicted for three different cases: Case A with keg > Ec”

applies for an

w

SEl-free bare collector electrode exhibiting an effective rate constant of ks = 0.42 ms™1, see

Figure S10(a); Case B with kqg = Drct applies for a collector electrode covered with a poorly

w

passivating SEI exhibiting ke = 4.2-10"°ms™, see Figure S10(b); Case C with kqg > Pr

c+
w
applies for a collector electrode covered with a highly passivating SEI exhibiting keg =
4.2-10"11 ms™1, see Figure S10(c).

The simulations results in Figure S10 show that for all cases A, B and C, the Fc* ion reduction
reaction at the collector electrode takes place, to a good approximation, on a fraction of the

collector electrode surface area, which is identical to the generator electrode surface area.

bulk electrolyte start condition: eg+ = 0; cpe = 10 mM
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Figure S8. lllustration of the simulations in cylinder coordinates with axis of rotational symmetry

at 7 = 0. jgenerator @Nd jeonector d€NOtes the current density according to Egs. (S6) and (S7),

respectively.



Table S1. Simulation parameters.

Parameter Value Description
r radial distance
z axial coordinate
w 455-10"°m distance between generator and collector electrode
Tgenerator 2:-1073m radius of the generator electrode
Teollector 3:1073m radius of the collector electrode
cpulk 10 mol m~3 concentration of Fc in the bulk solution
D 3.76 - 10719 m2 s~1 diffusion coefficient of both redox species (assuming: D =
Dpe+ = Dic)®
Kox 0.016 ms™! heterogenous rate constant of the Fc oxidation reaction at

the generator electrode
Keofe variable parameter effective rate constant of the Fc* ion reduction reaction at
the SEI-covered collector electrode
F 96485.332 Cmol™! Faraday constant
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Figure S9. Computational mesh of the simulation box. (a) Complete simulation box; (b) transition

regime between the fine mesh near the electrode surfaces and the coarse mesh in the electrolyte

reservoir; (c) fine mesh between the electrode surfaces.
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Figure S10. Spatial images of the concentration of Fc* ions during the “on”-state at t — tg;qrt =

300 s for three different cases: Case A with ke > Drct

" (bare collector electrode with no SEI,

kesr = 0.42 ms™1); Case B with kg ~ DT (collector electrode covered with a poorly passivating

D

SEl; kege = 4.2-107° ms™1); Case C with kqg > ch+ (collector electrode covered with a highly

passivating SEI; kegr = 4.2-10" 11 ms™1).
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5. Analytical solutions of the Z-type Transmission-Line Model (TLM) with P-Q conditions in

different transport and reaction regimes

In the framework of the Z-type TLM with P-Q conditions, the inverse dimensionless current density

is given by:[™

22 a2
L2 - L /~ L. .
. 7SEI (7% + Toon”) cosh B + 2 7; Foon + | mbgr + 28 |- [F3EL (7 + Faop) - sinh B
1 _ TiTeon Aenr 4 cr Rer Rer (59)
=T = SEI ~ ~ 3 ~SEI /= =
Ji  Ti+Teon 7. + 7 /2 7, (s + Taop) . 1 1 . . N
(i + Teon) 1+ CT}?SELI R‘ineton sinh 8 + RoE T e | 7&F" (7 + foon) cosh B
cT fcr cT cT

with

it Teon - (S10)

The model parameters were chosen in a way that two conditions are fulfilled: First, the transport
resistance of the molecules is much lower than the transport resistance of the electrons: # dgg; <
oon dsgr. Second, the porosity of the SEI is low, so that the charge transfer resistance in the SEI
is much higher than the charge transfer resistance at the SEI | bulk electrolyte interface:
2B /g > R The parameters chosen for Fig. 6 were & = 1077, éP"% =1, D = 1, Dgop = 0.1,

¢X=0 = 1078 and dgg; = 100, leading to the following dimensionless resistance values:

; dsgr (S11)
7 dgg) = ——m—= = 10°
i “SEI e Elbulk D
N dsxr (S12)
7, d === = 1011
TS 6350 Deon
. 1 - (S13)
~SEI 13
7 dsg = = —=10"/k;
CT / SEI kl 5§o=no e (.:,ibu]k dSEI / i
- 1 -
R = — a5 — = 10%/k; (514
k; cion € ¢  dp
o 1 -
Ret = =g pans— = 10°/k; (519
kl Céon Ci dDL

Depending on the dimensionless rate constant k;, four distinct transport and reaction regimes can

be distinguished, and simplified analytical expressions can be obtained in these regimes.
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Regime (i)

At very low rate constants k;, the charge-transfer resistance inside the SEI, 738! /dgg; , is very

large and thus the parameter 8 goes to zero. Consequently, we use the approximations:

lim sinh(B) =0 (S16)
B-0

and
[lgir% cosh(f) =1 (S17)

In this case, Eq. (S9) simplifies to:

1 i feon -~ i (S18)
ponle e — dSEI + Rmt.
Ji Ty + Teon T
Since R is very large in this regime, the term :i F;m‘ dsg; can be neglected, resulting in:
i eon
. 1 i xbulk xx=0 7J (S19)
Ji = Fmt = ki ¢; Ceon dpL-
RCT

Regime (ii)
At higher rate constants in the range of k; = 1, we use the approximations sinh(8) ~ # and
COSh(ﬁ) = 1, WhiCh, '[Ogethel’ with fi dNSEI K feon d~SE[’ result in:

2

.2
- ~ 2 L8} Teon . |sSEI .
7SEI Teon” + | 5sEr + Hint fer Teon ™ B
cT Rer  Rer

~ 3 ~SEI ~ '
(reon) /2 1 TCT Teon 1 1 ~SEI =
+ =" Fl=+===]" [T 1.

rere) PR R T e

With g = |[[leon. g~ /%-dm, Eq. (S20) further simplifies to:

~SEI
rer

(S20)

pint ﬁicr'lrt'f'z 3 3
RET + =sir—— " dsg1 + Teon dskl
Rt * Teon (S21)

pint

=7 dggp +

= =

RYE 7 C
T .J eon . j T
FSEI dggr + RSEI dggr + RSEI +1
CT CT CT

- ﬁint o _ = - _ ﬁint . .
For k; = 1, the terms g dsgy = 10 5, %dsm =10"* and =z = 10 7 in the denominator are all
CT CT CT

negligible, leading to:

12



~1CI}l:E 72

— A pint t

=fidsgr + Rer + ssm = —
cT " Teon

| =

~

o S22
*dgsgr + Teon dsgr- (S22)

Since the terms ; dgg; = 10°, R& = 108 and

ﬁint =2 . -
ST 7L Joer = 1 are all much lower than iy, dgg =
RET Teon
1011, we obtain finally:

1 -
= = Teon dSEI- (823)
Ji
and
;= 1 Deon Cion (S24)
' foon dsgl dsgr
Regime (iii)

With further increasing rate constant k;, the parameter g reaches very large values. In this case,
the sinh and cosh functions can be approximated by

B
e
gim sinh(B) = l;im cosh(B) = - (S25)

Since 7, fagy K Toon> holds, the term 2 ; 7., in the numerator of Eq. (S9) can be neglected, and
Eq. (S9) simplifies to:

2 7? | Foon” SEI
- =~ i eon ). |x ~
1 rg’lgl Teon™ T+ RSEl + Rint et Teon
Z o F denr + CT CT (S26)
= =T Asg1r T — 3/ ~SEl =
Ji (reon) 2 14+ TcT Teon + 1 + 1 . [#SEI %
ﬁSE[ ﬁint ﬁSEI ﬁint CT 'eon
CT CT CT CT
and
~SEl ~ 2 ~SEIl ~
/fSEIf + er T _|_TCT Teon
CT 'eon pSEI ~ pint
15 RET Teon Rer (S27)
= =Tidsgr + “SEI ~ -
]l 1 + rCT Teon + 1 + 1 . fSEI f‘
ﬁSEI ﬁint ﬁSEI ﬁint CT 'eon
CT CT CT CT

with R2E! > REE, it follows:
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~SEl 2  =SEI
FSEL 7 4 et Ti TcT Teon
TcT Teon T HSEI & Sint
1. a RET Teon Rer
— =Tidgg + (S28)
Ji ~SEI ~
~SEI ret Teon
1+4-CT Teon
F?SEI ﬁint ﬁint
ct Rer CT
fg,FI feo

In the denominator of the right-hand side of (S28), Ttn = 108 is significantly larger than
CT

_SEI B _SEI _ '
et Teon _ 105 and 1. Furthermore at k; = 10*%, the term €L € — 1016 jn the numerator is
REY' REY REY

_SEI 2
significantly larger than ﬁrSCETl i =105 and /fé}“ foon = 1010 . Accordingly, Eq. (S28) simplifies

CT Teon
. o o S29
= 7; dggr + ,/Tcsgl Teon: (S29)
With 7 dgg; < /fé%‘ .o We obtain finally:

1 PO P -
Ji = Cao k; e Clbulk Deon- (S30)

Ji = = Ceon
~SEI ~
1/rCT Teon

to:

honlll IS

Regime (iv)

For very high rate constants around k; = 10°, Eq. (S25) holds and the term 2 # #,, can be

B
neglected since 2 7 .o, = 2+ 10° is significantly smaller than % with g ~ 103. In this case,

Eq. (S9) simplifies to:

=2 L 2
- ~ 2 ~ 2 i Teon . |=SEI [ ~
7 T rcs%ﬂ Ti" *Teon” + (ﬁSEI + Rint for (Fi + Teon)
_ TiTeon 5 CT CT (S31)

1
- — = . ~ dSEI + 3 = —
Ji i+ Teon (i + Toon) /2 4 N FEE fon Y (S U Y =
RSET pint RSEI T pint et i T Teon

cT fer CT CT

With 7 < 7eon EQ. (S31) reduces to Eq. (S32), which can be further simplified to Eq. (S33).

~ 2 ~ 2
. ~ 2 Ti Teon . |&=SEI =
~ #SEI Teon” * | sET T Hint TeT Teon
T T CT R R
i 'eon (Z CT CT (832)

1
—=-——4dgg t+ — —
Ji i+ Teon (Foon) /2 " FRE! Foon 1 1\ [.sers
+ RSET pint + RSEI + Rint TeT Teon
cr Rer CT CT

14



~SEI = ~SEI
FSEI & cT 7”1 _|_T”CT Teon
7 Toon CT 'eon RSEI > Rlnt
3 on
Frr dsgy + ~SEI :
i T Teon 1+7"CT Teon _|_< 1 N 1 ) ’T~.SEI7';
SEI pint D SEI pint CT ‘eon
ReT RE R R¢

with REEL > RBL, it follows:

~SEI ~ 2 ~SEI ~
/TSEIr pJer i, Ter Teon
~ o~ CT ‘eon 5SEI ~ mt
l_ TiTeon 5 RCT Teon R

1_
J

=———dsg t+
Ji Ty + Teon ~SEI ~
fSEI 7 rCT Teon
1 + CT eon
pSEI 1nt 1nt
REEI R R:
~SEI =
. . . TcT Teon 8 7R Foon
Since in the denominator, the term ~—— = 10° is significantly smaller than R R
Rer T Rer

(S33)

(S34)

=101° and

2
in the numerator, the terms ’rCTI foon ~ 107 and fggl—“ = 10° are significantly smaller than

RCT Teon

7Rl 7, L
L = 1016, Eq. (S34) simplifies to:
CT

~SEI ~
Tet_Teon
5 1nt =
1 TiTeon = R TiTeon = 5SEI
=775 dse T =——= — dsg1 + R¢r-
i .4+ ~SEI .4
Ji  Ti T Teon 7or Teon Ti T Teon

RSEI Rlnt

Furthermore, since RSE! « Zifeen g e obtain finally:

Ti+Teon

TiTeon 5

- = ~ SEI-
Lt} + Teon

= =

and

By £ &P 4 By, G20

eon Ceon

dSEI
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6. Physical Meaning of the Nernst-Einstein Equation for Electron Diffusion

A general description of electron transport is given by the Onsager relation for the electron flux:

Jor =~ Jeon, dfieon (S38)
eon Fz dx

with 0., and f[ie,, denoting the Onsager transport coefficient of the electrons and the
electrochemical potential of the electrons, respectively. Since there is no electric potential gradient
in the SEI, .., can be replaced by the chemical potential of the electrons, peon-

At low electron concentrations, the activity coefficient of the electrons can be set to unity, resulting

in the following relation for the chemical potential gradient of the electrons:

diteon _ dInceon
. - RT— (S39)

The diffusion coefficient and the Onsager transport coefficient of the electrons can be written as:!

Neon
. d 1 N 2
Deon = I o\ oN e Z (87:0) (S40)
=
2 Neon 2
L od e = (S41)
Teon = I | eV ke T Z AR(©)
l=

with Aﬁi (t) denoting the displacement vector of electron i.

At low electron concentrations, correlated movements of different electrons can be neglected,
implying that (2?’;‘1’“ (Aﬁi(t))z ) = (ZNeon AR,(£))”. This results in a Nernst-Einstein equation for
electron transport:

2 2
_ Neon€“Deon __ CeonF“Deon

Oeon =~ ,xp RT (542)

Inserting % =RT dh;% and the Nernst-Einstein equation into the Onsager relation for the flux

results in Fick’s first law for electron diffusion:

. dceon

Jeon = —Deon dx (S43)
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