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Abstract: Combined synchrotron X-ray nanotomogra-
phy imaging, cryogenic electron microscopy (cryo-EM)
and modeling elucidate how potassium (K) metal-
support energetics influence electrodeposit microstruc-
ture. Three model supports are employed: O-functional-
ized carbon cloth (potassiophilic, fully-wetted), non-
functionalized cloth and Cu foil (potassiophobic, non-
wetted). Nanotomography and focused ion beam (cryo-
FIB) cross-sections yield complementary three-dimen-
sional (3D) maps of cycled electrodeposits. Electro-
deposit on potassiophobic support is a triphasic sponge,
with fibrous dendrites covered by solid electrolyte
interphase (SEI) and interspersed with nanopores (sub-
10 nm to 100 nm scale). Lage cracks and voids are also a
key feature. On potassiophilic support, the deposit is
dense and pore-free, with uniform surface and SEI
morphology. Mesoscale modeling captures the critical
role of substrate-metal interaction on K metal film
nucleation and growth, as well as the associated stress

state.
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Introduction

As the world becomes ever more electrified,"! potassium-
based electrochemical energy storage systems are emerging
as another viable class of “Beyond-Li Ion” technologies for
various stationary electrical energy storage systems
(ESSs),” with potentially lower cost® and much greater
precursor mineral abundance.! Potassium metal batteries
(KMBs, PMBs) and potassium ion batteries (KIBs, PIBs)
also possess some electrochemical advantages over lithium
and sodium systems, since the ions have smaller Stokes’
radius, weaker Lewis acidity and higher mobility in liquid
electrolytes.”) Yet due to its high reactivity (looser bound
valence electron) potassium metal anodes are prone to
display an unstable solid electrolyte interphase (SEI) as well
as the related formation and growth of dendrites during
electrodeposition/dissolution.'*®! Strategies established for
stabilizing the metal anode in KMBs have been based on
artificial SEI layers,”” tuned metal surface roughness,
optimized electrolytes,®™°! functional separators,*>!! and
advanced current collector architectures.!!

It is recognized that dendrite growth will affect the
integrity of the SEL['“"?l Moreover according to the estab-
lished theory, early-stage metal dendrite nucleation and
growth behavior will influence electrochemical instability
during later stages of cycling.”¥) However the interrelation
between the energetics of the current collector-metal deposit
interface and the morphology/stability of the metal-electro-
lyte interface is not well understood. Researchers have
employed top-down scanning electron microscopy (SEM)
analysis (an inherently 2D technique) to image the K metal
electrodeposit.!®™™ This study is the first to combine
synchrotron X-ray imaging and cryogenic-focused ion beam
(cryo-FIB) cross-sectional SEM imaging to provide three-
dimensional (3D) maps of the electrodeposition behavior of
potassium metal on a wettable surface (functionalized
carbon cloth) versus nonwettable surfaces (standard Cu foil,
non-functionalized cloth). The obtained 3D electrodeposit
morphologies and associated microstructures are highly
dissimilar and have not been reported previously. The
findings are explained by using mesoscale modeling, where
the electrodeposit morphology is mechanistically tailored by
the substrate-metal interaction.
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Results and Discussion

A functionalized carbon cloth “FCC” with O-rich surface
groups and defects was fabricated and employed as a current
collector. Surface functionalization consisted of annealing
cloth mixed with KOH at 700°C in inert atmosphere, details
being provided in the Experimental. Figure S1(a) provides a
schematic of FCC fabrication process and illustrates the role
of FCC in uniform K metal electrodeposition/electrodissolu-
tion. Figures S1(b-d) present SEM images of the as-
fabricated FCC surface, taken at increasing magnification.
Figure S2 presents SEM images of the baseline untreated
carbon cloth “CC”, indicating the two surfaces are macro-
scopically similar. The surface chemistry changes of FCC
and CC were analyzed by X-ray photoelectron spectroscopy
(XPS), Fourier-transform infrared spectroscopy (FTIR) and
Raman spectroscopy. Per XPS results in Figures S1(e) and
S3, it may be observed that the oxygen content of FCC is
much higher than that of CC, being at 13.5at.% vs.
1.6 at. %. This indicates the presence of oxygen-contained
surface functional groups. In Figure S1(f), the peak in FTIR
spectra around 1223 cm™' demonstrates that these functional
groups contain —O."! Tt is known that oxygen moieties
promote thermal and electrochemical wettability of alkaline
metals on carbon surfaces.'™ ! Raman analysis in Fig-
ure S1(g) illustrates an increase in the integrated intensity
ratio of D to G bands, going from 1.0 in CC to 1.34 in FCC.
This is associated with the increased structural and chemical
defects in carbon.'® Surface terminating carbon defects will
make that surface more energetic and likewise promote
wetting by secondary phases.!"”!

Figures S4-S6 show photographs that demonstrate the
major enhancement in the molten K wetting behavior due to
surface functionalization, comparing FCC to baseline CC
and Cu. The poor wetting of baseline CC and conventional
Cu foil are in Figures S4(b) and S6, showing no wetting is
achieved even at 60sec or longer time of immersion in
molten metal bath. By contrast, after 1 sec the molten K has
been completely infused into FCC in Figure S4(a). This
structure, which will be employed for electrochemical
experiments, is termed “K@FCC”. In Figure S5, molten K is
also infused into a larger-area sheet of FCC (5cm?), the
process taking ~~2sec. A video highlighting the melt
infusion process for FCC, CC, Cu can be found in
Movies S1-S4. The above observations confirm that FCC is
potassiophilic while CC and Cu are potassiophobic, making
these model systems well-suited for comparison.

Figure 1 presents a comparison of the galvanostatic
cycling results for FCC and baseline Cu foil. The electrolyte
employed is a carbonate system widely utilized in literature:
0.8 M KPF; in EC-DEC (v/v=1:1) without any additives. A
formulation of KPF,; in EC-DEC will possess the twin
advantage of low cost and oxidation stability at high voltage,
making it a promising electrolyte for KIBs and KMBs to
reach commercial maturity. For example, it has been shown
that 0.8 M KPF, in EC-DEC is stable with ceramic cathodes
that operate between 2-4.5 V.'*! Ether-based electrolytes
such as KFSI in DME are known to be stable at low voltages
yielding improved metal anode electrochemical stability
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over carbonates.[” However it has been demonstrated that
the oxidation stability of ether solvents is insufficient to
enable full battery operation with ceramic cathodes.™
Ethers should be useful for K-S batteries where the upper
voltage limit is slightly above 2 V.'"! It was not possible to
achieve stable cycling with the baseline CC as the molten K
would not infuse into the untreated cloth. Figure S7 shows
the electrochemical performance of half-cell CC baseline. It
may be observed that it is not possible to electrodeposit K
metal onto the untreated cloth. The voltage never goes to
zero, indicating that metal electrodeposition does not occur.
Figure 1(a) shows the galvanostatic data for half-cells while
Figure 1(b) shows the associated Coulombic efficiency (CE).
The CE of half-cell FCC reaches up to 85 % after 120 stable
cycles (11600 mins), which is the range expected when
employing the KPFg-ester-electrolyte system.®*! By con-
trast, for half-cell Cu after 13™ cycle (860 mins) there is
minimal capacity electrodissolved, with the CE close to zero.

Figures 1(c-f) display the galvanostatic data of symmet-
ric cells, namely K@FCC | |[K@FCC and baseline K-Cu| | K-
Cu (K foil backed by standard Cu foil). With symmetric
K@FCC stable electrodeposition/dissolution is achieved, for
example 150 cycles (18000 mins) at a current of 0.5 mA cm
and capacity of 0.5mAhcm™ Even at 2mAcm? and
1.0 mAhcm™2, the symmetric cell is stable for 100 cycles
(6000 mins). In contrast, symmetric K-Cu cells at
0.5mAcm™ are short-circuited at 26™ cycle (3120 mins).
The short-circuit was manifested by a sudden voltage drop
to zero. Violent voltage fluctuations at each cycle are
present for symmetric K-Cu at 2.0 mAcm™ An electrical
“soft-short” (mixed ion-electron conduction) occurs at 19™
cycle (1140 mins), leading to a sudden voltage drop albeit
not entirely to zero. A more significant voltage drop occurs
at 34™ cycle (2040 mins), followed by a square shaped
overpotential profile. This is what is expected from a full
electrical short circuit with Ohmic resistance being respon-
sible for the constant overpotential.

Figures 1(g-h) display the rate performance for symmet-
ric K@FCC and K-Cu cells. Symmetric K@FCC can sustain
a current of up to 3 mA cm? without voltage instabilities or
shorting. When the current is then turned back to
0.5mAcm?, cells keep cycling in a stable manner. By
contrast, symmetric K-Cu show large voltage fluctuations
and overpotentials. Per Figure 1(h), a short circuit of K-Cu
occurs at 0.1 mAcm™? after only 4 cycles (2400 mins).
Table S1 shows a comparison of electrochemical perform-
ance of FCC and K@FCC versus a wide survey of the state-
of-the-art literatures for K metal anodes. It may be observed
that the overall electrochemical performance of half-cell
FCC and symmetric K@FCC are quite favorable, especially
for a generic KPFy-carbonate solvent electrolyte system such
as employed here.

Figure 2 presents a comparison of the electrodeposition/
dissolution overpotentials with FCC versus baseline Cu foil
at 0.5 mA cm 2. First cycle galvanostatic profiles for half-cell
FCC and Cu are in Figure 2(a). The Figure also illustrates
how the nucleation overpotential is measured at each cycle
number. The K nucleation overpotential with FCCis 12 mV,
versus 300 mV with baseline Cu. These results confirm the
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Figure 1. Electrochemical performance comparison, the current density and capacity achieved per cycle labeled directly on panels. (a) Galvanostatic
electrodeposition-electrodissolution profiles for half-cells, FCC and baseline Cu, and (b) the corresponding Coulombic efficiency (CE). (c—
f) Galvanostatic profiles for symmetric cells, K@FCC versus baseline K-Cu. (g-h) Galvanostatic rate results for K@FCC versus baseline K-Cu.

Panels (d), (f) and (h) are enlarged profiles of portions of (c), (e) and (g).

direct link between the potassiophilicity and nucleation
barrier when electrodepositing directly on an empty current
collector. Figures 2(b—c) provide the evolution of electro-
deposition/dissolution overpotentials for half-cell FCC and
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Cu, while Figures 2(e-f) show the results for symmetric cells.
Throughout cycling, cells based on FCC likewise display
lower and more stable overpotentials. By contrast, baseline
Cu show a rapid increase in overpotentials prior to the
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Figure 2. (a—c) Electrochemical analysis for half-cells, FCC versus baseline Cu, extracted from the 0.5 mAcm™ galvanostatic profiles: Nucleation
voltage profiles, electrodeposition and electrodissolution overpotentials. (d—f) Same analysis but for symmetric-cells.

electrical shorting. The overpotentials rapidly drop only
once the sample is electrically shorted, with mixed electrical/
ion conduction still yielding a non-zero values.!'”)

Figure 2(d) shows the first cycle galvanostatic profiles
for symmetric K@QFCC and K-Cu. Deposition/dissolution
overpotentials of symmetric cells should in principle be
identical. The opposing electrodes have the same architec-
ture, and while one is being electrodissolved the other is
being electrodeposited. The cycle 1 electrodeposition over-
potential of K@FCC is —0.16 V, versus —0.34 V of K-Cu.
This is an interesting effect needing further understanding
since in both cases electrodeposition occurs on pre-existing
K metal. Likely there is preferred nucleation crystallography
or even epitaxy growth associated with electrodepositing K
crystallites on pre-existing K metal surfaces. We hypothesize
that the microstructure of thermally infused K metal in
K@FCC is more favorable for low energy nucleation than
that of standard K foil used in K-Cu. The reason for this is
not yet clear but may be related to the differences in grain
sizes and grain crystallographic textures between two K
metal films. In addition, the difference in the SEI morphol-
ogy between two architectures (to be discussed) should
profoundly influence the electrodeposition/dissolution over-
potentials. Interrelated factors such as the variations in the
SEI thickness and the stress states on support would have
this effect. A reduced electrodeposition overpotential has
been linked to promote planar growth rather than island-
like growth of metal.”!

Electrochemical Impedance Spectroscopy (EIS) analysis
for symmetric K@QFCC and K-Cu after different cycles are in
Figure S8. Table S2 shows the summed charge transfer
resistance and SEI resistance (Rep+ Rgg;) for K@FCC and
K-Cu. Initially the (Rcp+ Rggp) values for two specimens are
on-par, e.g., 728 Q versus 745 Q at cycle 25. At cycle 30 K-Cu
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electrically shorts with its Nyquist plot becoming irregular in
shape and without any semicircles. But the plots of K@FCC
remain stable, with a relatively minor resistance increase to
951 Q at cycle 100. As proof-of-principle, full-cell KMBs
based on Potassium hexacyanoferrate(I11) KFe"Fe™(CN);
(one variant of Prussian blue, PB) cathode, and K@FCC or
baseline K-Cu anode were fabricated. In Figures S9, a KMB
based on K@FCC delivers an initial capacity of 96.1 mAhg™
at 50 mA g, with a capacity retention of 80% after 120
cycles. Per Figure S10, K@FCC retains a capacity of
90.5mAhg™' at 100mA g™, with a capacity retention of
84 % after 150 cycles. Figure S11 shows that K@FCC also
displays more favorable rate performance. In contrast, the
capacity of a KMB based on K-Cu rapidly decreases to
2.2 mAhg " after 100 cycles at 50 mA g~!, corresponding to a
retention of 2.3 %. The capacity rapidly decreases to
30.9 mAhg! after 150 cycles at 100 mA g~', with a retention
of 33 %. Also, KMBs with K-Cu displays consistently lower
CE than those with K@FCC.

Figures 3, S12 and S13 display cryo-FIB SEM analysis of
the surface and cross-sections of FCC and Cu half-cells.
Analysis was performed after the 5" electrodeposition at
0.5 mAhcm 2 and 0.5 mAcm 2 In Figures 3(a—c), it may be
observed that with FCC the metal electrodeposit is signifi-
cantly more planar than with baseline Cu. The metal surface
is largely free from metal fibers and filaments. From the
cryo-FIB cross-section images in Figure 3(d), it may be
observed that the bulk microstructure of the electrodeposit
with FCC is dense and largely pore-free. By contrast, as
shown in Figures 3(e-h) and S13, the electrodeposit on Cu is
effectively a triphasic sponge composed of fiber-like den-
drites interspersed with porosity and SEI (per the EDXS
maps). Of course, a SEI layer also exists on the surface of
metal deposit with FCC. However, per the K, C and F maps,

© 2023 Wiley-VCH GmbH

85UBD17 SUOWILIOD BAIER1D) 3|qedtjdde ay) Ag pausenoB aie SaILe YO ‘98N O SaJNJ 10 AReIqiT 8uliuO AS]IA UO (SUORIPUCO-PUB-SWLBILICY" A3 1M ARIq 1 [BUIUO//:SNY) SUORIPUOD PUe SWiB | 8U3 39S *[£202/50/50] U0 AReigiTauliuo AB1im * AIsAIN ooig Auois Aung - Bunyd nud-Busyd Ag ev600€202 9BUe/Z00T OT/I0P/W0Y A8 |1 Aleiq Ul uo//SANY WO papeo|umod ‘0 ‘LGLETZST



Forschungsartikel

An dte

Chemie

‘overlap

Figure 3. Cryo-FIB SEM top-down and cross-sectional analysis of FCC and baseline Cu anodes, performed after the 5" electrodeposition at
0.5 mAhcm™ and 0.5 mAcm ™2 (a-b) Top-down images of FCC, shown at increasing magnification. (c-d) Cross-section images and EDXS K, C and

F maps of FCC. (e-h) Same analysis but performed for the baseline Cu.

the SEI appears confined to the surface of films, rather than
being interspersed with the metal and the pores. This is a
key difference between the two morphologies, which will be
further explored through synchrotron methods, surface
science techniques and multiscale simulation. To confirm
the generality of above findings, top-down SEM analysis
was performed on half-cells that underwent cycling in an
ether-based electrolyte of 4 M KFSI-DME. It should be
noted that although not being suitable for high voltage
cathodes, ether-based electrolytes are known to yield
enhanced anode stability as compared to carbonates.!”
Testing was performed at 0.5 mAhcm ™ and 0.5 mAcm™,
with the 10" cycle electrodeposit being analyzed. Per
Figure S14, it may be observed that the FCC electrode
likewise displays a more planar electrodeposit morphology
as compared to baseline Cu. The cycling CE of two half-cells
is shown in Figure S15. Although the difference in CE
values is not as great as with carbonate electrolytes, it is still
significant.

Synchrotron X-ray nanotomography imaging was em-
ployed to obtain a three-dimensional (3D) map of the
electrodeposited metal. There are some reports by using X-
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ray imaging for Li and Na metal batteries.” However such
analysis has not been performed previously for the potas-
sium metal system. Figure 4(a) shows the setup schematic of
synchrotron X-ray nano-tomography at the Full Field X-ray
Imaging beamline (FXI, 18-ID) at NSLS-IL.*! The detailed
experimental procedure including the sample preparation,
measurements, data analysis and visualization are in the
Supplemental and refs.”” Figures 4-5 show the 3D morpho-
logical analysis of electrodeposited K metal, comparing half-
cell FCC versus baseline Cu. Both were analyzed after the
5" electrodeposition with 0.5 mAhcm™? at 0.5 mAcm 2
Figure 4(b) shows a 3D morphological overview of the
electrodeposited K metal on Cu substrate. The structure is
fibrous and highly porous extending beyond ~40 um in
thickness field of view. A detailed pseudo cross-sectional
view of three different orthogonal orientations (XY, YZ and
XZ plane) is shown in Figure 4(c). The analysis revealed
that the fine pores are on the order of tens to few hundreds
of nanometers, with even smaller likely present but being
beyond the resolution of the TXM. Further details of the
electrodeposit are revealed in Figures 4(d—e) showing the
3D and 2D pseudo cross-sectional views from a sub-volume
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Figure 4. Synchrotron X-ray nano-tomography of electrodeposited K metal in baseline Cu half-cell. Analysis performed after the 5" electrodeposition
with 0.5 mAhcm 2 at 0.5 mAcm™2. (a) X-ray nano-tomography setup at the FXI beamline, NSLS-II. (b) 3D volume rendering of K plated on Cu (Cu
collector is towards the image bottom, not shown in the tomographic view but with the direction indicated), with (c) corresponding pseudo cross-
sectional views of three different orthogonal orientations. (d) A zoom-in 3D view of a sub-volume from (b), and (e) its corresponding cross-
sectional views. The blue arrows in (c) and (e) indicate the cracks and yellow arrows indicate the larger voids within highly porous dendritic

structures.

of the porous structure. Movie S5 shows the 3D X-ray nano-
tomography of the internal structure of the electrodeposited
cell, corresponding to the sub-volume in Figure 4(d). Anoth-
er feature of the electrodeposit on Cu are larger pores
(yellow arrows), as well as cracks (blue arrows) that trans-
verse the structure. This highly porous structure with cracks
and large voids is correlated with poor electrochemical
behavior and the associated non-wetting of the metal on the
support. These morphological defects and their continuing
evolution will in sum lead to the observed voltage instability
and premature electrical shorting.
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Figure 5 shows X-ray nano-tomography analysis for the
FCC half-cells. As the carbon fibers have a relatively low X-
ray attenuation, the contrast in images originates from the K
metal electrodeposited around them. Figure 5(a) presents an
overview of the electrodeposit which coats the O-functional-
ized surface in a relatively uniform manner. This may be
observed from the cylindrical morphology of the metal
coating around individual fibers. The volumetric and 2D
pseudo cross-sectional views in Figures 5(b—c) and 5(d-e)
further highlight the deposit morphology at two different
scales. Movie S6 showing analysis corresponds to the sub-
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Figure 5. Synchrotron X-ray nano-tomography of electrodeposited K metal in FCC half-cell. Analysis performed after the 5™ electrodeposition with
0.5 mAhcm™ at 0.5 mAcm ™. (a) An overview of the FCC electrode with relatively uniform K metal electrodeposition around the individual fibers.
(b) 3D volume rendering of the electrodeposit on FCC substrate and (c) the corresponding pseudo cross-sectional views of three different
orthogonal orientations. (d) A zoom-in 3D view of a sub-volume from (b), and (e) its corresponding cross-sectional views. The yellow marks in (c)

and (e) indicate the representative carbon fibers of FCC.

volume in Figure 5(d). Although not fully homogeneous in
its morphology, the electrodeposit on FCC is substantially
more uniform than on Cu. Analogously to the electron
microscopy results, there does not seem to be evidence for
fibrous dendrites when FCC is employed as the support.
Opverall, the tomography findings are consistent with the
electron microscopy results, as well as the thermal wett-
ability and the electroanalytical findings.

Sputter etching XPS analysis was employed to further
understand the differences in the SEI phase content for half-
cell FCC and baseline Cu. Analysis were performed on
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electrodeposits  after the 5" electrodeposition with
0.5mAhcm™? at 0.5 mA cm 2. Figures 6(a-b) and S16 show
the XPS analysis for FCC, displaying high-resolution F 1s, C
1s and survey spectra with increasing sputtering time.
Figures 6(d-e) and S17 show the XPS analysis for baseline
Cu at the same conditions. The integral areas of the
individual peaks were obtained, allowing for an estimate of
the normalized content of each component with increasing
etching time. This is presented in a form of bar charts in
Figures 6(c), 6(f) and S18. For both FCC and baseline Cu,
the C 1s peak can be fitted into three separated peaks of
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Figure 6. Sputter-down XPS spectra comparing the SEI for half-cell FCC versus Cu. Analysis performed on electrodeposits after the 5%

electrodeposition with 0.5 mAhcm™ at 0.5 mAcm ™2

. (a-b) Fitted F1s and C1s spectra of FCC with increasing etching time, the relative content of

phases labeled directly on panels. (c) Bar charts showing the relative percentage of different species in the SEI of FCC. (d—f) Same analysis but for

Cu.

C-C (2845¢eV), C-O (286.0eV), C=O & RO-COOK
(288.5eV).?! The F 1s spectra exhibits two peaks around
682.8 (K—F) and 686.8 eV (C—F).’***! With FCC, when the
sputtering time is 0 sec (sampling =~ top 6 nm of the SEI),
only C—F is detected in F 1s spectra. When sputtering time
increased to 60 sec and to 300 sec, both KF and C—F are
detected, with the relative amount of KF being 82.3 % and
92.3 %, respectively. Going from Osec to 300 sec sputter
time, the relative amount of C=0O & RO-COOK increased
from 16.1 % to 24.6 %. With the baseline Cu at the same
sputter times, the relative content of KF increased to 78.9 %
and 89.1 %, while the relative content of C=0O & RO-COOK
actually decreased from 15.1% to 9.6%. It has been
reported that the presence of KF in the SEI structure should
allow for enhanced mechanical toughness.” It has also been
reported a higher polyolefin content (C=O & RO-COOK)
in the SEI is beneficial for its mechanical properties.””! The
difference in the KF content between FCC and Cu is fairly
minor. However the divergence in the relative polyolefin
content with extended cycling may be significant enough to
render the FCC SEI more robust.

To mechanistically examine the morphological evolution
during the electrodeposition process, a mesoscale model was
developed, with details being provided in the Supplemental
and Ref. [28]. The nucleation morphology is jointly deter-
mined by the binding behavior of K on the substrate and the
binding behavior of K on the freshly deposited K metal. The
competing role of this interaction at the metal-substrate
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interface is described by using = R qpsrae/ Rkx 10 the
mesoscale model. Here, Ry qpsirare describes the adsorption
kinetics of K on the substrate and Ryyx denotes the
adsorption kinetics of K on the newly formed K electro-
deposits. A higher o (i.e., R qupsrae/Rxx) mechanistically
denotes an increase in the adsorption kinetics of K on the
substrate when compared to the adsorption kinetics of K on
the freshly deposited metal. Figure 7(a) depicts the tip
height (h) of the electrodeposited morphology as a function
of w: an increase in the w, which represents a stronger
metal-substrate interaction, results in a reduced dendritic
height. As shown in Figure 7(a), this regime involves an
improved coverage of the metal nuclei on the substrate,
eventually resulting in a homogeneous reaction front for
further morphological growth. Driven by the enhancement
in w, the resultant improvement in the substrate utilization
and deposition homogeneity can be inferred by comparing
the morphologies in Figures 7(b—c). In contrast, a lower w
signifies a regime where preferential deposition of K takes
place over the initially formed nuclei before complete
coverage of the substrate, as shown in Figure 7(b). While
this regime results in the formation of a non-uniform
nucleation pattern, the resulting deposition structures can
serve as electrochemical hotspots during the subsequent
growth stage.

Figures 7(d-e), S19 and S20 depict the respective
mechanical stress distributions in the SEI. The differences in
the stresses are a direct outcome of the differences in the
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Figure 7. (a) Morphological tip height as a function of the wettability (w) descriptor. (b—c) Role of metal-substrate interaction on the nucleation and
growth morphology. The electrodeposited metal and the substrate are denoted by the orange and grey colors, respectively. (d, e) illustrate the
mechanical stress along the y-direction (g,,) in the SEI for the morphologies captured in (b) and (c), respectively.

growth patterns. Figures 7(d—e) show the mechanical stress-
es along the y-direction (o,,), with positive and negative
magnitudes corresponding to tensile and compressive stress-
es, respectively. Along with the decrease in substrate
utilization, a reduction in the metal-substrate interaction is
observed to result in localized mechanical stresses. Specifi-
cally, the morphology in Figure 7(b) imposes a large tensile
stress on the SEI near the edge of the electrodeposit
structure. As seen from Figure S20, these regions also
experience the maximum shear stresses. Physically, a higher
propensity for metal deposition over the initial nuclei (i.e., a
lower w as in Figure 7(b)) subjects the SEI to larger
mechanical stresses. On the other hand, with a metal-
substrate interaction improvement, the formation of a
homogenized electrodeposit morphology (Figure 7(c)) leads
to a more uniform stress profile (Figure 7(e)).

Conclusion

Synchrotron X-ray nanotomography imaging, cryo-FIB
SEM, surface science analysis and mesoscale simulation are
combined to elucidate how current collector wetting influen-
ces the three-dimensional morphology, microstructure, and
SEI properties of K metal electrodeposits. Three model
supports are tested in standard carbonate electrolyte (KPF,
in EC-DEC): FCC with O-surface groups, nonfunctionalized
CC and Cu foil. Wettability is correlated with dendrite-free
metal film morphologies. Modeling results demonstrate the
critical role of the substrate-metal interactions on planar
versus dendritic growth, explaining the experimental corre-
lation between wetting behavior, electrochemical perform-
ance and electrodeposit morphology/structure. State-of-the-
art electrochemical performance is achieved in half cells,
symmetric cells and full-cell PMBs with PB cathodes.
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