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ABSTRACT: Lithium metal is an ideal material for high-energy, cost-effective rechargeable energy storage systems. The
thermodynamically unfavorable solid−liquid interface between the lithium metal and organic electrolyte necessitates the
formation of an interlayer (SEI) which is known to have significant impact on lithium morphologies. Less well understood is the
impact of the current collector substrate on the morphology of electrodeposited lithium. Here we report on the morphology of
electrodeposited lithium as a function of the chemical pretreatments of the working electrode. We find that a copper substrate
pretreatment with acidic solutions (sulfuric, oxalic, or acetic acid) results in the deposition of close-packed lithium columns with
a uniform diameter. A controlled study of the pre-electrodeposited copper surface indicates that the formation of a 5−8 nm
thick LiF protective layer on copper substrate from a chemical reaction between adsorbed surface water layer in acidic solutions
and LiPF6 electrolyte is the key process in the electrochemical growth of lithium columns. We anticipate that this simple
chemical approach can be generalized as a scalable, low-cost, additive-free substrate treatment method for depositing a LiF
protective layer, broadly applicable in the development of uniform lithium films.

KEYWORDS: Lithium metal anode, copper current collector, LiF layer, electrodeposition, surface treatment,
close packed columnar growth

Lithium metal is considered the ultimate negative electrode
for high energy density rechargeable batteries due to its

high theoretical specific capacity (3860 mAh g−1) and strong
chemical reducing ability (−3.04 V vs standard hydrogen
electrode). The lithium-ion “rocking chair” design of secondary
batteries, where lithium is de/inserted into host materials, has
been critical for advancing the commercial state-of-the-art
while providing critical insights into the consumption of
electrolyte to stabilize interfaces within the battery.1,2

However, the energy density of the graphite anode in
commercial systems is approaching its theoretical limits, and
ever-hungry applications from portable electronics to electric
vehicles have compelled a recent resurgence in lithium metal
battery research.3−7 These efforts have focused on under-
standing the evolution of electrodeposited lithium metal over
many plating and stripping cycles and then developing new
nanoscale materials engineering techniques to inhibit or reduce
unwanted growth (ramified, mossy, or dendritic) stemming

from the inherent crystallography and reactivity of lithium.8−16

Uniform lithium films can mitigate the anisotropic growth
effects of varying current distribution along the surface, and
therefore initial uniformity of the lithium anode material is
important for prolonging the cycle life of rechargeable lithium
metal batteries. It is possible to electrodeposit self-aligned
lithium columns, a morphology which has been attributed to
the LiF-rich interfacial layer.14,17−23 This columnar growth has
been observed with the use of several electrolyte additives17,18

and with the use of aqueous electrolyte14 for LiF nanoparticle
surface coatings.19 The apparent importance of a LiF-rich
interfacial layer to uniform lithium deposition has also led to
the artificial growth of a conformal LiF layer via atomic layer
deposition (ALD).16 The complexity of these nanoscale
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materials engineering techniques suggests the desirability for a
simpler and scalable process for uniform lithium deposition.
In this Letter, we report a simple electrodeposition process

to control the morphology of lithium nanostructures that
requires a slight modification of the electrolyte reduction on a
metal substrate. We demonstrate an optimal method utilizing a
simple acid treatment (for example, 95−98% sulfuric acid, or
3% acetic acid) with a deionized water rinse which foregoes the
need to make changes to the bulk electrolyte or solid
electrolyte interphase. The formation of a LiF-rich interface
layer via in situ hydrolysis of adsorbed water and LiPF6
electrolyte at the copper surface allows for uniform deposition
of lithium. Xie et al.16 first demonstrated the artificial
formation of highly uniform LiF layers via ALD, which
produced smooth lithium deposits. While our bulk current
collector surface treatment similarly results in smooth lithium
plating absent of ramified growth, the uniformity of the LiF
interface layer may be compromised due to the lower precision
of bulk surface pretreatment. By sacrificing the precision of
ALD for the lower cost and simplicity of a bulk surface
pretreatment, this approach is in effect a “poor man’s ALD” of
LiF. Our approach is compatible for a variety of conventional
and engineered current collectors and may with optimization
produce a reasonable route to a secondary lithium metal
anode.
To explore the effect of copper substrate surfaces on lithium

deposition, copper substrates first undergo a variety of surface
treatment processes and are then immersed in the LiPF6
electrolyte to observe the effect of each surface treatment
process on the electrolyte/current collector surface. In order to
remove surface contaminants and the native oxide layer from
as-received copper (Goodfellow Oxygen Free High Con-
ductivity, purity: 99.95+%, 6 μm thick), various pretreatments
are utilized including acetone rinsing, Ar/O2 plasma etching,
and acid treatment. After treating the copper substrate, lithium
is galvanostatically deposited in an argon filled glovebox via a
flow cell setup adapted from Mashtalir et al.23 A high current
pulse at short duration (3.33 mA cm−2 for 2 s) nucleates a seed
layer, and subsequent growth occurs at a lower current
deposition rate (between 0.22 and 0.67 mA cm−2) (Figure S1).

From Figure 1, visual differences from optical images
(Figure 1a−e) can be correlated to morphological differences
observed in the scanning electron microscopy (SEM) images
(Figure 1f−j). Lithium deposited on untreated, as-received
copper results in dark gray films with large black areas (Figure
1a). The gray areas correlate with spherical nanostructures
(Figure 1f) with an average diameter of ∼420 ± 10% nm (as
measured by SEM analysis using ImageJ software; other
nanostructure measurements are shown in Figure S2), while
the black areas contain mossy and ramified lithium growth.
The black uneven areas, hypothesized to be due to nonuniform
current distribution and/or heterogeneous surface reactions
from surface impurities, are reduced/eliminated on copper that
has been rinsed with deionized water (Figure S3). A deionized
water rinse, an acetone rinse, and plasma cleaning all
contribute to more uniform gray films but none are effective
in removing the native oxide layer (Figure S4). For a stronger
surface treatment, concentrated sulfuric acid (95−98% w/v) is
used to etch away the native oxide layer, and results in
columnar growth (heretofore known as close-packed lithium
columnar morphology, or CPLC) (Figure 1b,g). Because of
the corrosive nature of concentrated sulfuric acid, milder acids
that are known to be effective for treating copper surfaces are
also used.24−26 Both oxalic acid (10% w/v) (Figure 1c,h) and
acetic acid (3% w/v) result in the same CPLC morphology.
CPLC growth is observed for low current deposition rates
(between 0.22 and 0.67 mA cm−2) with greater than 0.7 mA
cm−2 resulting in black, ramified growth. The columnar
nanostructures have hemispherical tips with ∼250 ± 10%
nm measured diameter (Figure S2). Note that subsequent
analyses of acid treated copper in this Letter use results from
oxalic acid treatments.
Imaging at the initiation of deposition (t = 5 s) shows

spherical lithium nucleates at the surface (Figures S5a). Later
images depict longer, self-aligned, and compact rods of lithium
(Figure S5b). The thickness of the columnar film grows
linearly with charge passed as expected with Faradaically
controlled growth. Estimation through SEM analysis indicates
the expected thickness is achieved within an error of ±10%.
The error can be attributed to an unknown amount of non-

Figure 1. Optical images of lithium electrodeposited on Cu with various pretreatment conditions in 1 M LiPF6 DMC (a) as-received, (b) sulfuric
acid with deionized water rinse, (c) oxalic acid with deionized water rinse, (d) oxalic acid + deionized water + heat treatment at 200 °C for 2 h in
vacuum oven, (e) oxalic acid + deionized water rinse in 1 M LiTFSI/LiBOB EC/DMC, and corresponding SEM images (f) spherical/mossy
deposits of as-received Cu, (g) CPLC growth from sulfuric acid treated Cu, (h) CPLC growth from oxalic acid treated Cu, (i) spherical deposits of
acid + 200 °C heat treated Cu, and (j) nodular structures of deposition in LiTFSI/LiBOB electrolyte.
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Faradaic reaction products between the electrolyte and the
lithium electrode. If this layer is washed off, the deposited film
thickness will be overestimated by Faraday’s law. Lithium films
of greater than 25 μm thick have been deposited without
complications, demonstrating the robustness of the surface
pretreatment for long duration platings.
Because of the partial drying of the acid-treated copper

before transferring into the glovebox for lithium plating, it is
hypothesized that the acid + deionized water treatment process
adsorbs surface water in addition to etching the native oxide.
The surface water layer may react with LiPF6 to form LiF via
the decomposition reaction27−29

LiPF H O LiF 2HF POF6 2 3+ → + + (1)

This is similar to the previous literature by Qian et al.
describing the use of trace amounts of water (25 to 50 ppm) to
decompose LiPF6 and form a LiF layer for uniform lithium
growth.14 It is well-known that LiPF6 hydrolyzes easily, and
that a major decomposition product in the presence of water is
LiF.20,27−29 Therefore, we would expect that the surface
treatment procedure readily forms LiF at the surface by

adsorbing surface water, avoiding the nontrivial addition of
parts-per-million quantities of water in the electrolyte. To
validate the adsorbed water hypothesis, the presence and
absence of each reactant in eq 1 can be controlled to observe
the effect on the formation of a LiF layer. To remove surface
adsorbed water, acid-treated copper is then subjected to
treatment at high temperatures in a vacuum oven (200 °C, 2
h), resulting in gray lithium films with spherical morphology, of
diameter ∼420 ± 10% nm (Figure 1d,i). To confirm that
contamination from heat treatment in the vacuum oven is
negligible, acid-treated copper is treated at mild temperatures
(60 °C), resulting in the CPLC growth (Figure S3). To
remove the other reactant, LiPF6, an electrolyte less prone to
hydrolysis is used for lithium plating: lithium bis-
(trifluoromethanesulfonyl)imide with lithium bis(oxalato)-
borate in ethylene carbonate dimethyl carbonate (1 M
LiTFSI/LiBOB EC/DMC).30 Deposition in this electrolyte
resulted in a dark gray film with nodular structures (Figure
1e,j). Even with a combination of treatments used (i.e., acid
followed by plasma etch, plasma etch followed by acid
treatment), it is observed that any surface treatment with

Figure 2. XPS Cu 2p scan (a) and O 1s scan (b) for as-received Cu, and F 1s scan (c) for as-received Cu after immersion in 1 M LiPF6 DMC
electrolyte. Similar scans for oxalic acid + deionized water treated Cu are shown in (d−f). Similar scans for oxalic acid + deionized water + high
heat treated (200 °C, 2 h, in vacuum oven) Cu are shown in (g−i). Similar scans for oxalic acid + deionized water + mild heat treated (60 °C, 2 h,
in vacuum oven) Cu are shown in (j−l).
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acid + deionized water rinse as the last step results in the
CPLC growth. Mild temperature treatment (60 °C) results in
CPLC growth while high-temperature treatment (200 °C)
results in spherical lithium. This observation suggests that the
transition in morphology from CPLC to spherical deposits
occurs at high temperatures and that contamination from the
vacuum oven has a negligible effect on the plating morphology.
Thus, the desorption of surface adsorbed water at high
temperatures removes one of the reactants necessary for LiF
formation and prevents the CPLC growth.
X-ray photoelectron spectroscopy (XPS) was used to detect

a surface adsorbed water layer after copper surface treatment
(Figure 2a,b,d,e,g,h,j,k), and a surface LiF layer after
immersion of the treated copper in the LiPF6 electrolyte
(Figure 2c,f,i,l). First, XPS spectra of the as-received copper
indicates broad and shakeup peaks in the Cu 2p scan
corresponding to the native oxide layer (Figure 2a).31 XPS
depth profiling of the Cu 2p scan estimates this oxide layer to
be less than 2 nm in thickness. The effectiveness of the acid
treatment in removing the native oxide layer is shown by the
well-defined peaks at 932.88 eV (Cu 2p3/2) and 952.58 eV (Cu
2p1/2), corresponding to metallic Cu (Figure 2d).32 The other
scans for untreated copper are shown but do not provide clear
additional information because of the large amount of
impurities in as-received copper (Figure 2b,c). More
importantly, a slight difference between the O 1s scans of
acid treated and acid + heat treated copper can be noted
(Figure 2e,h). Peak deconvolution of the acid treated copper
indicates a broadening at the higher binding energy side and

the assignment of the additional peak at 533.48 eV to adsorbed
surface water (Figure 2e).33,34 It appears that the acid + heat-
treated copper substrates retain the two distinct peaks assigned
to metallic Cu but with wider fwhm values (1.06 eV for acid
treated Cu 2p3/2 to 1.37 eV for acid + heat treated Cu 2p3/2;
1.72 eV for acid treated Cu 2p1/2 to 2.04 eV for acid + heat
treated Cu 2p1/2) (Figure 2g). The wider fwhm values may be
attributed to additional smaller copper oxide peaks upon peak
deconvolution, suggesting reoxidation of the surface. This is
confirmed by micro-Raman spectra, showing a blue-shifted
peak with higher intensity (indicative of a more oxidized
surface state) for acid + heat-treated copper relative to
deionized water rinsed copper, and a red-shifted peak with
broadening for acid-treated copper relative to deionized water
rinsed copper (Figure S6).35 Deconvolution of the O 1s scan
for the acid + heat-treated copper indicates a peak at 532.88
eV, about 0.6 eV lower than the 533.48 eV peak in Figure 2e
that is assigned to adsorbed water. The wider fwhm values in
the Cu 2p scan and the different peak assignment in the O 1s
scan indicates that while heat treatment retains bulk metallic
Cu and evaporates surface water, it has also oxidized the
surface. Deionized water rinsed and plasma-etched copper
substrates both exhibit copper oxide peaks in the respective Cu
2p XPS scans (Figure S4), corresponding to gray films with
spherical lithium morphology. The deionized water rinsed and
plasma cleaned copper substrates seem to result in more
uniform gray films than the as-received copper, perhaps due to
the effective removal of surface contaminants.

Figure 3. XPS F 1s spectrum of oxalic acid treated Cu immersed in (a) 1 M LiPF6 DMC and (b) 1 M LiTFSI/LiBOB EC/DMC, and
corresponding EDX elemental analysis of plated lithium films for (c) 1 M LiPF6 DMC and (d) 1 M LiTFSI/LiBOB EC/DMC at various locations
on the film/substrate.
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As explained, the first two columns of Figure 2 correlate with
the Cu 2p and O 1s scans of the treated copper substrate. The
treated substrate is then immersed in the LiPF6 electrolyte and
transferred under inert atmosphere to the XPS loadlock
chamber to characterize the electrolyte/substrate interface.
The F 1s scan for acid treated copper indicates a peak at
686.08 eV corresponding to LiF (Figure 2f).36−42 This peak is
observed for samples treated with various acids as well as mild
heat treated (60 °C) copper (Figure 2l) and never is observed
for the acid + 200 °C heat treated samples (Figure 2i). There
are no noticeable differences in the XPS scans of the acid
treated copper and acid + mild heat treated copper, which both
result in CPLC growth morphology. The other peak at 689.08
eV appears for all samples and is assigned to the LiPF6
electrolyte.43,44 Similar peaks appear in the deconvolution of
the as-received copper, due to the effects of sitting in ambient
atmosphere (i.e., collecting of water molecules and reaction of
surface contaminants with electrolyte). While Qian et al.
observed the LiPF6 decomposition process to take hours, prior
studies also indicated that decomposition may be sped up by
the presence of H+; this may explain why we detect LiF in our
acid treated copper substrates after immersing in LiPF6 for 15
s.14,28

The C 1s and O 1s scans of the Cu substrates after
immersion in LiPF6 electrolyte indicate the presence of alkyl
carbonates and hydrocarbons (Figure S7). The hydrocarbon
peak at ∼284.6 eV is always observed in C 1s scans due to
carbon contamination; the alkyl carbonates (ROLi, −CO3,
−CO2) may be further byproducts from the decomposition of
DMC solvent in the presence of trace oxides or hydroxides on
the copper surface.17,23,41 The combined results from the XPS
scans after surface treatment and immersion in LiPF6 indicate
that the major components of the interfacial layer on copper in
1 M LiPF6 DMC, but before Li plating, are LiF, alkyl
carbonates, and hydrocarbon.
The heat treatment process removes one of the reactants,

that is, the surface adsorbed H2O layer. Figure 2 showed the
presence of surface-adsorbed water after surface treatment of

copper, and the presence of a LiF layer after subsequent
immersion in the LiPF6 electrolyte. Similar indication of the
presence and absence of the LiF layer for LiPF6 and non-LiPF6
electrolyte, respectively, is shown in Figure 3. The resulting
lithium deposition produces dark gray films with nodular and
ramified growth throughout. This may be attributed to the lack
of LiF formation due to LiTFSI being less prone to hydrolysis
than LiPF6. Energy-dispersive X-ray spectroscopy (EDX)
elemental analysis indicates insignificant amounts of fluorine
on the nodular lithium films (<5 wt %) in contrast with
significant amounts of fluorine (>70 wt %) found on top of the
CPLC films (Figure 3c,d). Analysis of various areas on a cross-
sectional SEM image of the CPLC indicates increased fluorine
content on top of the films versus the copper substrate base or
copper/lithium interface (Figure 3c). XPS confirms the
presence of a LiF peak at 686.08 eV for acid treated copper
in 1 M LiPF6 DMC and the absence of the LiF peak for acid
treated copper in 1 M LiTFSI/LiBOB EC:DMC (Figure
3a,b).36−42 The other peak at 689.08 eV, which is present in
both electrolytes, is assigned to a thin surface electrolyte
layer.43,44 This electrolyte layer is present because the samples
were not rinsed or dried after immersion in electrolyte so that
the surface electrolyte may aid as a protective layer for the
reactive LiF.
After validating the disappearance of the LiF layer in copper

substrates that were subject to high-temperature treatment or
immersed in LiTFSI electrolyte, the thickness of the LiF layer
was quantified for the acid-treated samples, as this thickness
dictates the surface interfacial resistance and lithium diffusivity.
With XPS depth profiling, the LiF peak was observed to
disappear within the first 5−8 nm (Figure 4b). The initial pre-
etch F 1s scan (Figure 4a) indicates a large presence of LiPF6
at 689.0 eV, which is attributed to the fact that the sample was
not rinsed after electrolyte immersion. Upon etching, this
LiPF6 peak disappears with the LiF peak at ∼686.5 eV fading
away at a slower rate.
From the experimental results provided, a proposed

mechanism for the effect of pretreatment on CPLC growth

Figure 4. (a) A 2D cascade plot of depth-profiled XPS F 1s spectrum for oxalic acid treated copper immersed in 1 M LiPF6 DMC, (b) normalized
intensity as a function of etch distance for estimating LiF surface layer thickness.
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is depicted in Figure 5. Acid treatment with a deionized water
rinse removes the native copper oxide layer and surface
impurities, while adsorbing a surface water layer, as evidenced
by XPS of acid treated samples. The surface water layer reacts
with the aprotic electrolyte (1 M LiPF6 DMC) to form a
surface LiF layer, as evidenced by XPS of acid treated samples
immersed in the electrolyte. The presence of the LiF peak in
the XPS F 1s scan is unique to the acid-treated copper in LiPF6
electrolyte, which is also correlated one to one with CPLC
growth.
The effectiveness of the acid pretreatment in removing the

surface copper oxide layer and adsorbing a surface water layer
has been shown. There are two reactants in the decomposition
of LiPF6 in water, LiPF6 and H2O. Heat treatment to high
temperature was used to remove H2O, resulting in absence of a
LiF layer and spherical rather than columnar lithium.
Electrolyte substitution was used to remove the other reactant,
LiPF6, also resulting in absence of fluorine and a different
lithium morphology.
In order to develop a stronger correlation between the

various growth morphologies of lithium and the electro-
chemical cycling performance for the application of recharge-
able battery anodes, the capacity retention and Coulombic

efficiency (CE) were examined (Figure 6e,f). Mossy/spherical
deposits from untreated copper, CPLC morphology from acid
treated copper, and spherical deposits from acid + heat-treated
copper were discharged at 0.05 mA cm−2 into a fully
delithiated LiFePO4 electrode in order to determine the initial
discharge capacity. They were then repeatedly charged and
discharged for 10 cycles at a constant current of 0.1 mA cm−2

in the voltage range of 2.8−4 V versus Li+/Li. The mossy/
spherical growth of untreated copper was unable to be
discharged at all. The spherical deposits of acid + heat treated
copper only retained ∼20% of the lithium loading upon
discharge (Figure 6b,d). However, the acid treated copper with
CPLC morphology discharged over 60% of the theoretical
thickness (Figure 6a,c). Surface treatment with acid, which
results in the CPLC morphology and LiF-rich interface, also
exhibits 80% CE which is a significant improvement over LiF-
absent copper surfaces (Figure 6f). The improvement in
plating/stripping efficiency may be due to the lower surface
area achieved by compact columnar growth and effects of the
LiF layer, relative to spherical Li deposits (Figure 6a,b).
However, the SEM image of the CPLC after 10 cycles (Figure
6c) indicates that the columns are less compact and appear to
be covered with substantial interphase layers; optimization of

Figure 5. Schematic of the proposed mechanism for the acid treatment of Cu current collector that deposits a surface LiF layer and results in close-
packed columnar lithium growth. The thickness of the deposited lithium is observed to be approximately 0.8*L, where L is the theoretical thickness
derived from charge passed, assuming close-packed lithium. For example, Figure 6a depicts an SEM image of Li columns deposited at a plating
current density of 0.33 mA cm−2 for a total plating duration of 3 h. This results in the theoretical thickness of (1 mAh cm−2/26801 mAh mol−1) ×
(6.941 g mol−1/0.534 g cm−3) = 4.85 μm, and an observed thickness of ∼4 μm, which is about 80% of the theoretical.

Figure 6. SEM images of pristine (a) CPLC growth (1 mAh cm−2) on acid-treated copper, and (b) spherical deposits (1 mAh cm−2) on acid + 200
°C heat-treated copper; SEM images of (c) CPLC growth and (d) spherical deposits after 10 cycles at 0.1 mA cm−2; (e) areal discharge capacity of
CPLC and spherical growth and (f) corresponding Coulombic efficiency (%) defined by discharge capacity/charge capacity. Note: all scale bars
correspond to 4 μm.
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the CPLC porosity and density for additional enhancement of
the CE is left for a future study.
We have utilized a common industrial cleaning process for

etching native oxide layers from copper to demonstrate an
additive-free method for LiF interface formation. The acid
treatment of copper is akin to a “poor man’s atomic layer
deposition” of LiF via electrolyte reduction by surface
adsorbed water. This wafer-scale treatment process avoids
the cost of electrolyte additives or the nontrivial addition of
bulk water in the electrolyte. The subsequent uniform growth
of thin lithium films may be used as rechargeable lithium metal
anodes with further optimization of electrolyte and lithium
deposition morphology for improved cycling efficiency.
Methods. Treatment of Copper. OFHC (purity >99.95%)

copper was purchased from Goodfellow (hard temper, 6 μm
thick). Copper foil was cut into strips 3 cm wide. The foil was
immersed in an acid bath, using concentrated sulfuric acid
(95−98%, Sigma-Aldrich), oxalic acid (10% w/v, Sigma-
Aldrich), or acetic acid (3% w/v, Sigma-Aldrich) for 30 s. The
foil was then rinsed in deionized water to wash away the acid,
and dried with a Kimwipe to remove bulk liquid on the surface.
The foil was transferred inside sealed containers into an Ar-
filled glovebox with O2 levels <0.7 ppm and H2O levels <0.2
ppm.
Electrolyte Synthesis. Lithium bis(trifluoromethane)-

sulfonimide (LiTFSI) and lithium bis(oxalato)borate
(LiBOB) were purchased from Sigma-Aldrich. LiTFSI and
LiBOB were heated in the large vacuum antechamber at 140
°C overnight for complete drying. LiBOB (0.5 M) was
dissolved in ethylene carbonate (EC) at elevated temperature
(∼60−100 °C) while stirring. LiTFSI (0.5 M) was then added
along with 5 mL of dimethyl carbonate (DMC) for a 10 mL
solution. The solution was stirred at room temperature
overnight, resulting in 1 M LiTFSI/LiBOB EC/DMC (1:1
wt %) electrolyte to be used for plating studies.
Electrodeposition of Lithium. Lithium was electrodeposited

using a modified version of an aqueous electrolyte deposition
system developed by Alpha-En Corporation. A flowing
aqueous electrolyte containing lithium carbonate, sulfuric
acid, and deionized water was started with a pump at 1800
rpm. The Ag/AgCl reference electrode was connected into a
tank containing the aqueous electrolyte, which is distributed
into the glovebox through tubing. Inside the glovebox, the
treated copper foil was placed onto a sample holder that was
immersed in 1 M LiPF6 DMC. The nonaqueous and aqueous
electrolytes were separated by the lithium-ion conducting
glass-ceramic membrane (LICGC, Ohara Corp). A schematic
of the setup can be found in Mashtalir et al.23 Electro-
deposition experiments were conducted galvanostatically with
a potentiostat (Reference 3000, Gamry Instruments) with
current densities ranging from −0.22 to −0.67 mA cm−2 to
obtain CPLC morphology. An initial seed layer was deposited
with a higher current density (−3.33 mA cm−2). The voltage
increased to −10 V during the high current seed step then
decreased to −3 to −5 V versus Ag/AgCl during the low
current growth phase. Typical plating duration was 1 h with
duration up to 11 h being successful.
Characterization. Samples were rinsed in DMC and dried

in the large vacuum antechamber of the glovebox at 40 °C for
2 h before characterization. SEM samples were transferred via
double containers filled with argon from the glovebox and were
exposed to air for less than 5 s with evacuation of the load lock
being almost instantaneous (a few seconds). SEM images were

collected on a Verios 460 XHR SEM with an accelerating
voltage of 5 keV and a working distance between 3 and 4 mm.
Cross-sectional images were taken by cutting a sample foil with
shears and using a 45° sample holder. An attached X-ray
detector (Oxford Instruments) was used for EDX analysis.
AZtec software was used for EDX elemental analysis. XPS
analysis was performed using a Thermo Scientific K-Alpha
instrument with an Al Kα source and 400 μm spot size (0.05
eV step size for core-level scans, 1 eV for survey scans). The
operating pressure was <8.0 × 10−8 Torr, and the sample was
transferred via a vacuum sample holder and never exposed to
atmosphere. The Au 4f7/2 peak at 84.00 eV from a thermally
evaporated 300 nm thick Au/Si(111) substrate was used as a
reference for charge shift correction of the binding energy.
Avantage software was used for the least-squares fitting of XPS
spectra with Lorentzian−Gaussian line shape (30% L/G mix
for F 1s scans, 80% for O 1s, and 80% for Cu 2p) and a Shirley
background subtraction. Depth profiling was carried out with
an Ar ion gun (2 keV, monatomic, 400 μm spot size) for a
series of 20 etches of 30 s each (10 min total). The following
equation was used to back calculate the ion current from SiO2
reference values and to then calculate the LiF etch rate in nm/
min45−47

z t
M

r e
S jp/ (nm/min)

NA
=

* *
* *

whereM = molar mass of etched material, r = density of etched
material, NA = Avogadro’s number (6.022 × 1023 mol−1), e =
electron charge (1.6 × 10−19 A−s), S = sputter yield (atom/
ion) from a table of reference values, and jp = ion beam current
density.

Particle Size Measurements. Lithium nuclei diameters were
approximated by ImageJ software, using gray value mappings
for a given line scan to count particles and divide by the total
distance measured. For 45° tilted samples, the distance was
converted geometrically to obtain the actual distance.
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