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The discussion about non-Vegard contributions is taken from our supporting

information section of our previous paper [1] and adapted to LFP:

Non-Vegard contributions to the ESM signal

Other mechanisms that can contribute are i) inverse piezoelectric effect, flexoelelectric
effect and electrostriction ii) deformation potential, electron-hole and electron-phonon
coupling, iii) electrochemical reactions on the surface, iv) electrostatic influence and
electric Lorenz-like forces and v) temperature related volume expansion
Piezoelectricity, flexoelectricity and electrostriction are assumed not to be the primary
mechanism for the signal generation, due to measurements on fresh silicon, Si/C
anode, carbon, HOPG and polyether ether keton (PEEK), which did not show a signal
generation dependency on the applied voltage profile. Nevertheless, since ions are
influencing these effects, especially electrostriction, it is difficult to rule them out
completely in the lithiated samples. However, Kalinin and Morozovska are reporting
their influence to be at least one order of magnitude smaller, compared to the Vegard
expansion [2].

The deformation potential and electron-hole and electron-phonon coupling are
expected to contribute only by one order of magnitude smaller compared to Vegard
expansion [2-5].

Surface reactions with impurities or surface layers can lead to tip-surface expansion.
Surface reactions usually alter the sample surface or the AFM tip and are therefore
detected by surface changes and loss in resolution. However, surface reactions can
occur without surface changes. In this case, the reaction needs an electrolyte, such as
water, to serve as a product and educt reservoir. Since the measurements are carried
out in an argon filled glovebox, the appearance of a water meniscus at the tip-sample

junction can be excluded.
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Trapped charges in the probed material can influence the signal. Additionally, charges
can be injected by the AFM tip. However, charge injection from the AFM tip is unlikely,
since only small voltage amplitudes are used, but cannot be ruled out completely.
Trapped charges and charge injection would have occurred at the fresh samples
during the control experiments, which were not observed. The influence of surface and
space charges can be evaluated using the Maxwell-Wagner relaxation time. Using

typical values for the dielectric permittivity of LFP (between 5 and 12 [6]) and the

electrical conductivity of around 10 S/m [7], the relaxation time (r = % with &5 =

8.85-10712 AsVIm™! leading to roughly 10% s and lower) is several orders of
magnitude smaller than the measured signal relaxation time (around 103 - 10 s) and
values found in the literature [8,9].

Some authors assume an electronic Lorenz-like force acting on the ions in the sample
as the primary source of the ESM signal. The ions do not hop from lattice site to another
lattice site, which would lead to the Vegard expansion, but vibrate on the lattice site,
due to the alternating electric field [10-12].

The application of electric potentials between the AFM tip and the sample surface can
generate heat due to energy dissipation, since the tip-sample junction acts as a
resistor. For a primary estimation of the temperature influence, we will make some
simplified calculations. The dissipated energy @, as well called Joule heating, is given

in the simplest form:

Ag

Y
Ri_s

Q (S.1)

With A¢ as the electrical potential difference between the tip and the sample and RZ_
as the contact resistance between tip and sample surface [13,14]. With the energy Q

given and limiting the energy dissipation to the change of the temperature of the
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sample surface AT; and a small, cubic volume element of the sample surface under

the tip V;, the change in temperature is given by :

Q
AT, = S.2
* Vepscy (52)

With p, as the density of volume element of the sample surface, which is influenced by

the heating, and c, as the heat capacity of the sample surface at constant pressure

[15]. The change in temperature follows a strain 4 or deformation u# of the sample
surface:
et = ag AT, (S.3)

ug = ag AT, I° (S.4)
Here, as is the thermal expansion coefficient of the sample surface and lgs is the
vertical length of the volume element [16,17]. Assuming a contact resistance of 100
MOhm between a conductive tip and the sample , a potential difference of 10 V, a
volume of 1-10% m2 of the sample to be influence by the heating, the density of LFP
with 3600 kg m3, a specific heat capacity of LFP of roughly 800 J kg* K* [18] and a
thermal expansion coefficient of LFP with 5.3 - 10 K1[19], the thermal deformation is
in the range of about 10 fm and therefore at least two orders of magnitude smaller than
the measured signal intensity. [20-22]. Here we assumed for simplification, that all the
dissipation energy is transferred into the sample. The surrounding media as well as
the tip will absorb part of the dissipated energy, which will decrease the temperature
change of the sample and the volume expansion.
Regarding all the considered other mechanisms, we still assume the signal to have an
ionic origin with the Vegard expansion being the main mechanism responsible for the

surface displacement.
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Characterization of the cathodes in commercial 26650 cells and three-electrode test
cell

Commercial 26650 LiFePO4 cells from A123 Systems LLC are used. Full cell and
three-electrode test cell measurements are conducted using a battery cycler (CTS-XL,
BaSyTec GmbH) with a two-electrode and three-electrode configuration. Three-
electrode test cell measurements are conducted using electrodes with 18 mm in
diameter, which are punched out of the fresh and aged electrode foils from the
commercial cells., A PP/PE membrane (FS-5P, EL-CELL GmbH) was used as
separator. For the three-electrode tests, the electrolyte was 1 Mol LiPFs in EC/DMC
(2:12 vol%, Sigma Aldrich). The three-electrode tests were conducted using a
commercial test cell (PAT-Core, EL-CELL GmbH) with a lithium metal ring as reference
electrode. One side of the electrode material was removed from the current collector
using N-Methyl-2-pyrrolidone (NMP, Sigma Aldrich). The three-electrode test cells
were assembled using a fresh or aged cathode in combination with a fresh anode from
the uncycled full cell to avoid any ageing influence from the anode side. All work was

conducted in an argon filled glovebox.

Discharging profile from fresh and aged Commercial 26650 cells

In Figure S1, the 1C discharge curves for a commercial fresh and aged cell are

presented. A capacity loss of the aged cell after end of ageing of 17% is observed.
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Figure S1: Voltage over capacity of the fresh and aged full cell
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Electrochemical impedance spectroscopy measurements from the three-electrode test

cells from the fresh and aged cathode vs. lithium metal
Impedance measurements are conducted using a Princeton Applied Research

Versastat 450 potentiostat with an AC amplitude of 10 mV in the frequency range from

500 kHz to 0.5 mHz at OCV.
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Figure S2: Nyquist plot of the fresh (black) and aged (red) cathode vs. a lithium
reference ring electrode in discharged state

RC, fresh = 172 Q RA, fresh = 1060 Q
Rc,aged = 1140 Q RA, aged = 1530 Q

Impedance data is analyzed using the impedance.py python package. [23]
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First charge and discharge step from three-electrode test cells

Figure S3 displays the first charge and discharge step from the three-electrode test
cells with a fresh and aged cathode, both with a fresh anode. The voltage curve
represents the potential between cathode and anode. We used 0.185 mA as charge
and discharge current, since that represents roughly C/20, and therefore provide the
maximum of the accessible capacity. The cell was first charged up to 3.6 V with a
constant voltage step until the current dropped below 0.120 mA and afterwards

discharged to 2.0 V.
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Figure S3: Full-cell test of the fresh and aged cathode combined with a fresh anode
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Cyclic voltammetry (CV) measurements of the fresh and aged cathode in the three-
electrode setup

For the CV, the three-electrode setup with a fresh or aged cathode in combination with
a fresh anode and a lithium metal reference ring was used. The scan rate was set to 1
mV st in the range from 2.0 V to 3.6 V regarding the potential between cathode and
anode.

The area under the CV peaks or the available capacity during the anodic scan for the
fresh cathode — fresh anode combination is 4.6 mAh and for the aged cathode — fresh
anode combination only 4.0 mAh. The capacity during the cathodic scan for the fresh
cathode — fresh anode combination is 4.7 mAh and for the aged cathode — fresh anode

combination only 4.0 mAh.
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Figure S4: CV of the full-cell test setup with the fresh (black) and aged (red) cathode
combined with a fresh anode. The potential is measured between cathode and
anode.
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ESM measurements of the aged cathode with stepwise increasing dc-voltage
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Figure S5: Aged cathode, comparison of different dc-voltage amplitudes at the same
location. The top row shows the deflection error, the middle row the ESM signal
during positive and the bottom row during negative dc-voltage pulse. In a) with |2|V,
b) with |3|V, c) with |5|V, d) with |6]V and e) with |7|V. Scan size is 0.33 pm.
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Deformation of the fresh and aged cathodes measured with Bruker PeakForce

Quantitative Nanomechanical Properties mode (QNM)

For the fresh and aged sample, a total area of 32 um2 was analysed, using the same

settings and the same tip.
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Figure S6: Comparison of the deformation distribution of the fresh and aged cathode

15

S11



Examples of the fitting results for the relaxation process
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Figure S7: Fitting examples for the relaxation ESM signal

The mean RMSE is in the order of 0.013.
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