
 

 
 

 

 
Batteries 2025, 11, x https://doi.org/10.3390/xxxxx 

Article 

Lithium Growth on Alloying Substrates and Effect on Volumet-

ric Expansion 

Laura C. Merrill 1,*, Robert L. Craig 2, Damion P. Cummings 2 and Julia I. Deitz 2 

1 Nanoscale Sciences Department, Sandia National Laboratories, Albuquerque, NM 87123, USA 
2 Materials Characterization and Performance, Sandia National Laboratories, Albuquerque, NM 87123, USA; 

rlcraig@sandia.gov (R.L.C.); dpcummi@sandia.gov (D.P.C.); jdeitz@sandia.gov (J.I.D.) 

* Correspondence: lcmerri@sandia.gov 

Abstract 

The widespread implementation of next-generation Li metal anodes is limited, in part, 

due to the formation of dendritic and/or mossy electrodeposits during cycling. These mor-

phologies can lead to battery failure due to the formation of short circuits and significant 

volumetric expansion at the anode. One strategy to control the electrodeposition of Li 

metal is to use lithiophilic materials at the anode. Here, we evaluate the impact of Ag and 

Au on the early stages of Li metal electrodeposition and cycling. The alloying substrates 

decrease the voltage for Li reduction and improve Li wetting/adhesion. We probe volu-

metric expansion directly through dilatometry measurements and find that the degree of 

volumetric expansion is less when lithium is cycled on an alloying substrate compared to 

a non-alloying substrate (Cu). Dilatometry experiments reveal that Au has the least 

amount of volumetric expansion and coin cell cycling experiments indicate that Ag yields 

more stable cycling compared to Au or Cu. The evaluation of in situ cross-sectional images 

of cycled coin cells shows that Ag has the lowest volumetric expansion in a coin cell for-

mat. 

Keywords: lithium anodes; lithiophilic; alloys; dilatometry; volumetric expansion; laser 
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1. Introduction 

Li metal is an ideal anode material for high-energy-density, next-generation batteries 

due to its high theoretical capacity (3800 mAh/g) and negative reduction potential (−3.04 

V vs. the standard hydrogen electrode). Li metal anodes are hindered by their reactive 

nature and propensity to form high-surface-area deposits. The reactive nature of Li leads 

to poor cycling efficiencies, which requires excess active material, compromising energy 

density. High-surface-area deposits can also cause poor efficiency and lead to dendrite 

formation or electronically isolated (“dead”) Li. High-surface-area porous Li electrode-

posits can also compromise the volumetric energy density, which negates some of the Li 

anode’s benefits [1,2]. Even with high-efficiency electrolytes, the practical volumetric ca-

pacities decrease from Li’s theoretical capacity of 2045 mAh/cm3 to values of less than 350 

mAh/cm3, which is less than the volumetric capacity of a porous graphite electrode (558 

mAh/cm3) [2]. 

Many strategies to control the growth of Li and prevent dendrite formation and/or 

the formation of dead Li have been implemented, including applied pressure, artificial 
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solid electrolyte interphases (SEIs), lithiophilic substrates, 3D current collectors, and elec-

trolyte design and/or additives [3–16]. Of the methods discussed, applied pressure is the 

only method that results in compact Li electrodeposits close to the theoretical volumetric 

capacity of Li (1–10 MPa). High pressures are difficult to achieve in typical cell formats 

(e.g., coin, pouch, and cylindrical cells) and can lead to short circuiting and pore closure 

in the separators, causing poor Li+ transport [3,4,16]. Artificial SEIs are layers that are elec-

tronically passivating and ionically conducting to simulate an ideal SEI. Artificial SEIs can 

break up and be dispersed throughout the deposit during cycling, which can lead to a 

decline in performance with cycling [17]. Lithiophilic materials are similar to artificial 

SEIs, however, rather than acting as an ideal SEI, these materials are incorporated to im-

prove Li morphology [11,14]. In some cases, lithiophilic materials are used with 3D cur-

rent collectors, like sponges or foams, to improve Li wetting to the substrate [18,19]. 

Lithiophilic materials typically undergo alloying/dealloying reactions and encom-

pass several classes of materials, including metals, metal oxides, and carbon-based mate-

rials [8,12,13,20–29]. These alloying/dealloying reactions typically occur at voltages more 

positive than Li electrodepostion/dissolution, which can help to decrease the initial nucle-

ation overpotential. In some cases, the initial alloying process is irreversible and can cause 

irreversible capacity losses. The alloyed phases can help to control Li electrodeposition 

morphology, subsequently leading to improved cyclability [27,30,31]. Lithiophilic materi-

als also create an opportunity for increased energy density, since uncontrolled Li electro-

deposition results in highly porous morphologies [32,33]. 

Alloying metals may be categorized into high-solubility and low-solubility materials 

[11,21,24,34,35]. High-solubility materials (e.g., Ag and Mg) can accommodate more Li 

atoms per alloying metal atom and exhibit solid solution alloying behavior. Low-solubil-

ity materials (e.g., Au and Al) accommodate fewer Li atoms per metal atom and exhibit 

intermetallic phase alloying behavior [11,36]. For example, Ag is known to form Li12Ag, 

with some reports implementing an Li20Ag alloy anode, whereas Au forms Li3Au [34,37–

40]. High-solubility materials are reported to enable a longer cycle than low-solubility ma-

terials [11]. 

Here, we investigate Li growth on high-solubility (Ag), low-solubility (Au), and non-

alloying (Cu) substrates in coin cells and dilatometer cells. Dilatometer cells allow for di-

rect measurement of the volumetric expansion with each substrate and the measurement 

of Li electrodeposition growth patterns. We also evaluate the extent of volumetric expan-

sion in cycled coin cells through cross-sectional imaging of the electrode/separator/elec-

trode through localized laser ablation on a laser plasma focused ion beam (laser PFIB) 

instrument. The consequence of extensive Li volumetric expansion depends on the cell 

format. Uncontrolled volumetric expansion in pouch cells can cause the pouch cell to 

swell. For rigid cells (coin cells and cylindrical cells), uncontrolled volumetric expansion 

may lead to separator shredding and short circuiting of the cell [41]. 

2. Materials and Methods 

2.1. Electrolyte Preparation 

Electrolytes were prepared in an Ar-filled glovebox (O2 and H2O < 0.2 ppm). 1,2-Di-

methoxyethane (DME) and 1,3-dioxolane (DOL) were purchased from Sigma Aldrich 

(Sigma-Aldrich, Burlington, MA, USA) and dried on activated alumina for 48 h prior to 

use. Lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) was purchased from Ossilla (Os-

silla Ltd, Sheffield, UK) and lithium nitrate (LiNO3) was purchased from Sigma Aldrich 

(Sigma-Aldrich, Burlington, MA, USA). Both salts were dried in a heated glovebox ante-

chamber under vacuum at 100 °C (LiTFSI) and 60 °C (LiNO3) prior to use. The 1 M LiTFSI 

solution was prepared by measuring the desired amount of salt and adding the 
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corresponding volume of a DOL:DME solvent mixture (50:50, v:v). LiNO3 was then added 

to the LiTFSI in DOL:DME solution at a concentration of 5 wt% (such that 5 wt% =
mLiNO3

mLiNO3+mLiTFSI in DOL:DME
× 100). 

2.2. Fabrication of Alloying Substrates 

Alloying substrates were fabricated by depositing the material onto Cu foils using 

electron beam evaporation. The Cu foils (9 µm thick) were etched in 1.2 M HCl, rinsed 

with 18 MΩ water, rinsed with acetone, transferred into an Ar-filled glovebox, and then 

transferred into a home-built electron beam deposition system. The Cu substrates and a 

witness sample were taped to an Al-covered alumina plate and loaded into the deposition 

system. The chamber was pumped down to a base pressure of 10−7 torr. The deposition 

rate and total thickness of each layer were monitored by a quartz crystal microbalance. Ag 

(99.9%) and Au (99.99%) thin films were deposited at rates between 2 and 8 Å/s to a total 

thickness of 100 or 500 nm. The deposited thicknesses were verified by profilometry on 

the witness samples using a DektakXT stylus profilometer (Bruker, Hamburg, Germany) 

following IOS-4518. 

After deposition, the system was allowed to cool under vacuum and was then 

brought back up to atmospheric pressure with N2. As soon as the system reached atmos-

pheric pressure, the coated Cu foils were placed into a N2-filled glovebox and double 

bagged in nylon bags with silica desiccant and a humidity indicator. The samples were 

stored in a dry box until they could be transferred into an Ar-filled glovebox. 

2.3. Electrochemical Characterization 

CR2032 coin cells (SS316L Hohsen Corp, Osaka, Japan) were assembled in an Ar-

filled glovebox (O2 and H2O < 0.2 ppm). The cells were built with a 16 mm diameter Li 

counter electrode (50 µm Li on 10 µm Cu, Albermarle, Charlotte, NC, USA), two 2325 

Celgard separators with 80 µL of electrolyte, and a 12 mm diameter Cu working electrode 

(9 µm) or metal-coated Cu working electrode. Two separators were used to maintain con-

sistency with prior work [2,17,42]. The Cu working electrodes were etched using the same 

procedure described in Section 2.2. All coin cells contained one wave spring, two 0.2 mm 

spacers, and one 1 mm spacer (total stack height of 2.8 mm: 1.4 mm spacers and 1.4 mm 

wave spring). 

Dilatometer measurements were conducted using an ECD-3 electrochemical dila-

tometer (EL-CELL GmbH, Hamburg, Germany), which is a three-electrode cell with a 

height sensor at the working electrode. A 12 mm, 50 µm Li counter electrode was used, 

separated from the 10 mm Cu or metal-coated Cu working electrode by a glass t-frit (6.26 

mm thick). The ECD-3 reference electrode pin was loaded with Li from Li foil (Alfa Aesar, 

Ward Hill, MA, USA, 99.9%). The same electrode materials were used in the dilatometer 

as the coin cells, with adjusted diameters to fit the dimensions of the dilatometer cell. Ap-

proximately 0.5 mL of electrolyte was added to the dilatometer cell. 

Cell cycling and dilatometry measurements were conducted using a VMP3 multi-

channel potentiostat (Biologic, Seyssinet-Pariset, France). Cells were cycled at 1 mA/cm2 

and 0.1 mA/cm2 to 1 mAh/cm2 with a cutoff voltage of +/− 1 V. Time was increased during 

the electrodissolution step to allow for observations of partial or hard short circuits. 

2.4. Scanning Electron Microscopy/Energy-Dispersive X-Ray Spectroscopy (SEM/EDS) 

Coin cells were disassembled at different points during the first Li electrodeposition 

step (0.05, 0.1, 0.3, and 1 mAh/cm2) using a commercial coin cell decrimping tool (Hohsen 

Corp, Osaka, Japan) in an Ar-filled glovebox. The working electrodes were extracted from 

the disassembled coin cells and then washed with dry DME. The samples were loaded 
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onto an SEM stub, sealed in a mason jar, and transferred from the glovebox to an inert 

glovebag that was sealed around an SEM (Zeiss Supra 55VP, Carl Zeiss AG, Oberkochen, 

Germany). The glovebag was purged with Ar, the jar was opened, and the stub was 

loaded into the SEM, which was then pumped down. The samples were imaged between 

2 and 5 keV at a working distance of 4 mm. An Oxford X-Max 80 EDS detector (Oxford 

Instruments, Abingdon, UK) provided elemental information for the samples. Each SEM 

image was from a different cell from which the working electrode was extracted and im-

aged. 

2.5. Laser Plasma Focused Ion Beam (Laser PFIB) Cross Sectional Imaging 

A ThermoFisher Scientific Helios 5 Laser PFIB (ThermoFisher Scientific, Waltham, 

MA, USA) was used to cross-section the electrode stack without disassembling the coin 

cell. Laser PFIB sample preparation and laser ablation processes are elaborated upon in 

previous works; therefore, we limit the description here [2,4,41]. Each coin cell was placed 

in a custom coin cell holder and loaded into the Laser PFIB, which was then pumped 

down immediately and cryo cooled. Laser cross-sectioning was performed approximately 

one hour after the start of the cooling process to guarantee that the sample had completely 

come down to a temperature of approximately −190 °C. First, a coarse mill (with a 1030 

nm fs-laser) removed approximately 1.2 mm by 1 mm of material near a region of interest. 

Then, a second mill ‘clean-up’ step was used to remove any artifacts from the initial cut 

on the cross-sectional surface of interest. A final polish (515 nm second harmonic beam) 

was used to remove as much laser damage as possible. The final polish step was repeated 

or altered depending on the individual cell. After cross-sectioning, the samples were im-

aged using backscatter and secondary electron detectors, with the chosen current and 

beam energy dependent on the charging behavior, image contrast, and resolution of each 

individual sample. EDS analysis via an Oxford EDS detector (Oxford Instruments, Abing-

don, UK) provided elemental information for the electrode stack and chemical behavior 

of the cell. 

3. Results and Discussion 

3.1. Coin Cell Results 

Li cycling experiments were conducted on each substrate to establish their baseline 

performance. The Li cycling experiments measured the Li alloying/dealloying and the Li 

electrodeposition/dissolution processes simultaneously on Ag and Au. Effective cycling 

was demonstrated on each substrate for 50 cycles, as shown in Figure 1a, with average 

CEs of 97.2% with Cu, 97.0% with 100 nm Au, and 98.0% with 100 nm Ag. The same data 

with extended cycling up to 100 cycles is shown in Figure S1. The average CE with Au 

decreased slightly due to irreversible alloying that occurred within the first few cycles. 

The voltages associated with Li-Au alloying can be observed for the first four cycles, as 

shown in Figure S2, with voltage profiles for individual cycles shown in Figure S3. The 

voltage profiles with the Ag substrate for individual cycles are shown in Figure S4. 

Li cycling efficiencies began to drop around cycle 60 with the Cu and Au substrates, 

as shown in Figure S1. The Ag substrate supported stable Li cycling for 90 cycles. Studies 

suggest that Li cycling on Au fails before Ag due to Au’s lower Li solubility [11,36]. The 

literature suggests that the influence of Au on the Li electrodeposit morphology and cy-

cling performance becomes compromised once the Au becomes saturated with Li, 

whereas the Li-rich solid solution phases that form with Ag enable an extended cycle life 

[11]. Here, we observed Li cycling failure earlier than in other reports, likely due to slight 

changes in materials and/or methods (e.g., electrolyte source materials or method to de-

posit Ag). We note that increasing the LiNO3 concentration in the electrolyte improved 
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the cycling efficiencies and extended the cycle life, as shown in Figure S5, and that cell 

failure may have been caused, in part, by LiNO3 consumption. 

Figure 1b shows the voltage vs. time curves for the first Li electrodeposition. An ob-

vious alloying plateau is not observed during the first electrodeposition step with the Ag 

substrate. An oxide formed on the Ag surface due to transfer between the electron beam 

evaporation system and the glovebox. The absence of this alloying plateau is likely due to 

the surface chemistry as a result of oxide formation. After the first electrodeposition step, 

a small alloying peak can be observed in the voltage vs. time curves and the magnitude 

of the electrodeposition overvoltage decreased in the coin cells, as shown in Figure S4. 

Figure S2 shows that the deposition overvoltage increased to values above 0 V vs. Li with 

cycling. While Li is predicted to undergo several alloying reactions with Ag, between 0 

and 0.25 V vs. Li, as outlined in Table S1, distinct voltage plateaus are not frequently ob-

served in the literature [11,34,40,43–46]. Cyclic voltammograms (CVs), as shown in Figure 

S6, show a decreased overvoltage for Li reduction on Ag compared to Cu substrates, as 

well as a dealloying peak around 0.5 V. A small peak associated with Li-Ag alloying is 

observed in the CV only when the scan rate is decreased to 0.1 mV/s (Figure S7), which 

suggests that the alloying process is transport limited. Similar CVs are reported in the 

literature for Ag substrates and coatings [43,47]. Li electrodeposition on the Au substrate 

exhibited two distinct plateaus due to the alloying process, as shown in Figure 1b. Two 

alloying peaks are also present in the CV shown in Figure S6. The two peaks/plateaus 

correspond with two alloying reactions between Li and Au (Li + Au → LiAu, 0.215 V, and 

LiAu + 2Li → Li3Au, 0.134 V), tabulated in Table S1 [37–39]. 
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Figure 1. Coin cell electrodeposition and cycling data for Li metal on a Cu, Ag-, or Au-coated Cu 

substrate in 1 M LiTFSI in DOL:DME with 5 wt % LiNO3. (a) Average CE vs. cycle number for Li 

cycling at 1 mA/cm2 for 1 mAh/cm2 in standard coin cells (averages are of at least 3 cells), extended 

cycling shown in Figure S1. (b) The first electrodeposition voltage vs. capacity data for each of the 

substrates, dashed lines indicate sampling points for SEM imaging. SEM images of Li electrodepos-

its on the Cu substrate at (c) 0.05 mAh/cm2, (d) 0.1 mAh/cm2, (e) 0.3 mAh/cm2, and (f) 1 mAh/cm2. 

SEM images of Li electrodeposits on the 100 nm Ag substrate at (g) 0.05 mAh/cm2, (h) 0.1 mAh/cm2, 

(i) 0.3 mAh/cm2, and (j) 1 mAh/cm2. SEM images of Li electrodeposits on the 100 nm Au substrate 

at (k) 0.05 mAh/cm2, (l) 0.1 mAh/cm2, (m) 0.3 mAh/cm2, and (n) 1 mAh/cm2. Corresponding EDS 

signal of the respective substrate materials (Ag, Au, and Cu) are in Figures S8–S10. 

Figure 1c–n show SEM images of the Li electrodeposited to different capacities (0.05, 

0.1, 0.3, and 1 mAh/cm2) on each substrate. At 0.05 mAh/cm2, the Li electrodeposit nucle-

ation sites were very sparse and clustered on the Cu substrate, uniform and tightly packed 

on the Ag substrate, and sparse and uniform on the Au substrate. As electrodeposition on 

the Ag substrate progressed, the small, needle-like deposits began to coalesce, forming 

large Li electrodeposits. The electrodeposits on the Au substrate also coalesced as electro-

deposition progressed, but were less homogeneous than the electrodeposits on the Ag 

substrate. These differences in Li electrodeposit morphology may be partly related to the 

differences in Li solubility within the Au vs. the Ag. Table S2 estimates how much capacity 

would theoretically go to Li3Au and Li9Ag intermetallic formation, assuming a dense/uni-

form film. The estimates indicate that all the Au and Ag would be converted to these 
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species; however, we anticipate that not all the Au/Ag are initially accessed, and, there-

fore, less capacity likely goes to the initial alloying reactions than what is tabulated in 

Table S2. While the formation of Li3Au and Li9Ag has been referenced as complete lithia-

tion, reports also suggest the formation of Li15Au4 and Li12Ag and the use of Li20Ag as an 

anode material. We include the highest lithiated alloys in our capacity estimations in Table 

S2 [11,34,37–40]. 

EDS maps of the electrodeposits are shown in Figures S8–S10. At 1 mAh/cm2, the EDS 

of the alloying substrates shows that the Au signal is pocketed, and the Ag signal is dis-

persed throughout the deposit. This reflects the respective the Li-alloying behaviors with 

each substrate [36]. Similar behavior is reported for high- and low-solubility alloying ma-

terials in the literature [11]. The Li electrodeposits on the lithiophilic substrates formed 

larger grains compared to the Li electrodeposits on the Cu substrate. Table S3 shows the 

average particle diameter/length with each substrate. The electrodeposits on Cu were 

spheres and were smaller on average, which suggests poor wetting of the Li electrodepos-

its to the substrate or unfavorable interfacial energies. 

3.2. Dilatometer Results 

In operando dilatometry was used to monitor the volumetric expansion of Li electro-

deposits with cycling and the growth profiles of Li on each substrate. Here, we compare 

the effect of non-alloying substrates (Cu) with high-solubility alloying (Ag) and low-sol-

ubility alloying (Au) substrates. The dilatometer cell monitors the height at the working 

electrode using a sensor, and the counter and reference electrodes do not contribute to this 

measurement. The dilatometer cell is not an exact analog to a coin cell due to its decreased 

pressure (around 0.02 MPa vs. 0.2 MPa for a coin cell) and thick (6.26 mm) glass-frit sep-

arator [48,49]. 

Figure 2 shows the dilatometry and cycling results for 50 cycles at 1 mA/cm2 for 1 

mAh/cm2. Figure S11 shows the corresponding voltage vs. time curves from the dilatom-

etry measurements, and voltage profiles for individual cycles are shown in Figures S3 and 

S4. Li cycling with the Ag substrate in the dilatometer resulted in lower CEs and earlier 

failure compared to the coin cells. We hypothesize that this was due to differences in pres-

sure and internal resistance between the dilatometer and the coin cell. Applied pressure 

has been reported to increase cycle efficiency and stability with Li metal anodes [3,4]. Dil-

atometry measurements were used to evaluate general growth trends to guide our under-

standing of Li electrodeposition on each of the substrates. 

Figure 2b shows the measured height during cycling. Increases in height are repre-

sentative of volumetric changes at the working electrode, since the working electrode area 

is constant (0.785 cm2). All cycling experiments resulted in a sawtooth pattern with cy-

cling. An increase corresponded with Li electrodeposition and a decrease corresponded 

with Li electrodissolution. The Cu substrate exhibited a near-linear increase in height with 

cycling. In other words, there was continued volumetric expansion with Li cycling, which 

was likely caused by continued SEI growth and/or the incomplete electrodissolution of Li. 

The Au substrate was offset from the Cu substrate, with a decreased total change in height 

with cycling. This was due to the more controlled cycling observed in early cycles, where 

small volume changes were observed for about 10 h (or approximately 5 cycles). We hy-

pothesize that during these early cycles, the lithiophilic nature of Au could better control 

the Li growth. As the Au was dispersed or saturated, its effect became limited with cy-

cling. The voltage plateaus associated with Li-Au alloying went away after 2–3 cycles, as 

shown in Figure S3. Two height regimes were observed with the Ag substrate. For the first 

half of cycling, the measured height was nearly constant with cycling. Just before 80 h (or 

40 cycles), the height increased significantly with cycling. This rapid increase in height 

coincided with a decrease in CE during cycling (shown in Figure 2a). The voltage profiles 
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of the dilatometer cell, shown in Figure S4, indicated an increased nucleation overvoltage 

at later cycles in addition to decreased electrodissolution capacities. The accelerated in-

crease in height was likely caused by a combination of incomplete Li electrodissolution 

and a buildup of SEI. Before the drop in CE, the Ag substrate showed the best control over 

Li growth during cycling. 

 

Figure 2. Li cycling in 1 M LiTFSI in DOL:DME with 5 wt % LiNO3 in a dilatometer cell with Cu 

(green), 100 nm Ag (blue), and 100 nm Au substrates (pink). Li was cycled at 1 mAh/cm2 for 1 

mAh/cm2. (a) CE vs. cycle number for Li cycling in dilatometer cell. (b) Measured dilation in height 

vs. time for Li cycling on each substrate. (c) Measured change in height during electrodeposition 

step for cycle 1, cycle 5, and cycle 50. (d) Measured change in height during electrodissolution step 

for cycle 1, cycle 5, and cycle 50. For panels (c and d), the change in height is only relative to the 

individual trace itself and is not scaled to the other samples/traces to allow for evaluation of the 

dilation shape. Corresponding voltage vs. time curves are in Figure S11. 

The dilation profile for cycles 1, 5, and 50 are shown in Figure 2c (electrodeposition) 

and Figure 2d (electrodissolution). These dilation profiles can correspond with linear 

growth, accelerated growth, and decelerated growth [49]. If the change in height linear, 

then the Li growth is uniform, or linear. Accelerated growth begins with a slow change in 

height after the initial nucleation, followed by a more rapid change in height. The for-

mation and growth of high-aspect-ratio Li electrodeposits, or dendrites, causes acceler-

ated growth. This decelerated growth pattern results in an initially fast change in height 

that slows with time. The initial preferential growth of certain Li nucleation sites, followed 

by uniform Li growth as the gaps between nucleation sites become filled in, is character-

istic of decelerated growth. 

The first electrodeposition growth profile is slightly different for each substrate, as 

shown in Figure 2c. With Au, there is an initial rapid change that is then followed by an 
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accelerated growth pattern. This follows the early electrodeposition behavior observed in 

Figure 1. First, Li alloys with Au, which causes an initial increase in height. The change in 

height then slows and increases, suggesting the uniform growth of the electrodeposits 

until the nucleation sites coalesce, and then certain sites grow preferentially. The dilation 

profile with Ag and Cu also results in an accelerated growth pattern, however, an initial 

dip initial dip in the dilation profile is observed with the Ag substrate. The cause of this 

initial dip is unclear, but may be related to the interactions between Li and Ag’s native 

oxide layer during early nucleation. Notably, the magnitude of the measured voltage is 

greater during the first electrodeposition with the Ag substrate for both coin cells and the 

dilatometer cell, as shown in Figure S4, which could be caused by increased resistance 

due to the native oxide layer. 

The first cycle electrodissolution dilation profile for the Cu and Ag substrates shows 

a decelerated pattern, whereas the dilation profile for the Au substrate shows a different 

response. The Au’s dilation profile has an initial decrease in height, followed by a local 

minimum, then the height increases, and finally decreases. These varying changes in 

height may be related to the formation of different alloying phases as the Li-Au alloy is 

delithiated. However, Li dealloying peaks are not observed in the voltage profile in Figure 

S3. After several cycles, the alloying/dealloying process becomes stabilized and the dila-

tion profile of the Au substrate begins to follow the same decelerated response as the Cu 

substrate. The decelerated growth profile begins with a linear decrease in height, followed 

by a plateau. This is characteristic of high-aspect-ratio deposits, or dendrites, preferen-

tially electrodissolving from the tips first, mirroring an accelerated growth profile. During 

the first cycle, on the electrodissolution step, the Cu substrate shows a slight increase in 

height after the plateau. This height increase is attributed to additional SEI growth, since 

it can take several cycles for the SEI to become stabilized. 

On cycle 5, the electrodeposition results in an accelerated dilation response with the 

Au and Cu substrates, while the dilation response with the Ag substrate is linear. The Cu 

shows the most dramatic accelerated response, likely due to the formation of dendritic 

deposits. On the following electrodissolution step, the Au and Cu substrates exhibit de-

celerated dissolution and the Ag substrate exhibits linear dissolution. This suggests that 

after the first cycle, once Li growth stabilizes, Ag supports uniform Li growth. 

At cycle 50, both the Ag and Cu substrates show accelerated growth and decelerated 

dissolution, and the Au substrate shows linear growth. The Li cycling on Ag begins to 

drop in CE before reaching cycle 50, whereas the Li cycling on Cu is stable. We hypothe-

size that the Ag substrate is no longer controlling the growth of Li, which deviates from 

the coin cell results and is likely due to differences in pressure and internal resistance 

within the cells. The voltage profiles for the dilatometer cell, shown in Figure S4, show 

increased nucleation overvoltages at later cycles with the Ag substrate, suggesting SEI 

buildup, and the formation of dead Li may be contributing to the decreased CE. The grad-

ual slope observed in both the electrodeposition and electrodissolution steps with the dil-

atometer cell indicates an increase in resistance with electrodeposition/dissolution, poten-

tially due to SEI buildup or as Li grains become inaccessible. The linear growth observed 

with Au may be caused by the dispersion of the Au through the deposit with cycling. The 

dispersion of ex situ coatings with cycling has previously been reported with other mate-

rials [17,50]. 

3.3. Decreased Current 

The effect of Li transport on each substrate’s growth response was investigated by 

decreasing the current from 1 mA/cm2 to 0.1 mA/cm2 (to the same capacity, 1 mAh/cm2), 

as shown in Figure 3. At a low current, Li-Ag alloying peaks were present in the voltage 

profiles of the coin cells, indicated by the sloping voltage response. This is also observed 
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in the dilatometer voltage profiles in Figure S12. Ag had a native oxide on it due to transfer 

between the electron beam evaporator and the glovebox, and the rate dependence of the 

Li-Ag alloying voltage plateau suggests that the Li diffusion through the native oxide was 

transport limited. This is corroborated by the scan rate dependence of the Li-Ag alloying 

peak in the CVs previously discussed. 

Li electrodeposited at a low rate resulted in larger electrodeposits than Li electrode-

posited at a high rate. The greatest difference in the deposit morphology was with the Cu 

substrate. The lower current allowed for the preferential growth of the Li electrodeposits, 

leaving areas of the Cu bare, whereas the higher current led to more uniform coverage of 

the Cu working electrode. Particle size analysis was completed for the Li deposited on 

each substrate at a high and low rate, tabulated in Table S3. At 1 mA/cm2, Li electrodepos-

ited on Cu in small, regular spheres, but at 0.1 mA/cm2, the electrodeposits were larger 

with more decomposition products. The wire-like structures present on the deposits were 

likely some residual salt/electrolyte decomposition products. The low-rate Li electrode-

posits on Cu easily sloughed off the Cu substrate and required a gentler rinsing than the 

other samples. The wire-like structures are not easily observed in the SEM image that cor-

responds with the EDS measurements due to differences in magnification and imaging 

conditions (changed to achieve adequate counts) between Figures S13 and 3b. The Li elec-

trodeposits were larger when deposited at a low rate (Table S3), and the EDS shows the 

same trends in Ag and Au signals as the high-rate EDS images. The electrodeposits were 

similar in size (around 5 µm), regardless of the substrate, at a low rate. 

Figure 4 shows the dilation response of Li cycling at a low rate (0.1 mA/cm2). Only 

the first 10 cycles are shown because long-term measurements can lead to drift [48,49]. Au 

and Ag show comparable changes in height with cycling, whereas the Cu shows a signif-

icant increase in height and eventually maxes out the sensor. The system is not transport 

limited at the low rate, which allows for the preferred orientation of the deposit to form 

[51]. The dilation profiles with the Cu substrate for cycles 1 and 5 (10 is not included due 

to the sensor reaching its limit) indicate accelerated growth, which likely contributes to 

the large volumetric expansion observed here. 

 

Figure 3. First electrodeposition in coin cells at 0.1 mA/cm2 for 1 mAh/cm2 in 1 M LiTFSI in 

DOL:DME with 5 wt% LiNO3. (a) Voltage vs. capacity curves for each substrate. Corresponding 

SEM images taken at 1 mAh/cm2 for (b) Cu substrate, (c) 100 nm Ag substrate, and (d) 100 nm Au 

substrate. 

The dilation response for the first electrodeposition for the Ag and Au substrates 

showed an increase, then a decrease, and then an increase in height. This variation 
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suggests that the Li ions were transported to favored sites and grew preferentially at a 

low rate. The volumetric changes that occurred may have been caused by the different Li-

Ag phases that formed during the first electrodeposition. Both low- and high-rate dilation 

responses became more stable by cycle 5. The dilation response for cycle 5 and 10 was 

linear with the Ag substrate and accelerated with the Au substrate. Regardless of the ob-

served Li growth profiles, both alloying substrates appeared to control Li growth during 

the first 10 cycles, which resulted in less volumetric expansion compared to the non-alloy-

ing substrate, Cu. 

 

Figure 4. (a) Measured dilation in height vs. time for Li cycling on each substrate in 1 M LiTFSI in 

DOL:DME with 5 wt% LiNO3 at 0.1 mA/cm2 for 1 mAh/cm2 for 10 cycles. (b) Measured change in 

height during electrodeposition step for cycle 1, cycle 5, and cycle 10. For panel (b) the change in 

height is only relative to the individual trace itself and is not scaled to the other samples/traces to 

allow for evaluation of the dilation shape. The sensor on the dilatometer maxed out during cycle 9 

with the Cu substrate. Corresponding voltage vs. time curves and CE vs. cycle number curves are 

in Figure S12. 

3.4. Increasing Substrate Thickness 

Last, the effect of increasing the thickness of the alloying substrates from 100 nm to 

500 nm was evaluated. Coin cell cycling and dilatometer results are shown in Figure 5. 

With an increased thickness of the alloying interlayers, the coin cells took longer to reach 

stable cycling due to the alloying/dealloying (lithiation/delithiation) processes. Extended 

cycling, shown in Figure S14, showed that the Ag substrate maintained stable cycling for 

longer than the other substrates. Like with the 100 nm samples, the initial voltage plateau 

associated with Li-Ag alloying was not observed in the first few cycles, but appeared later 

in cycling, as shown in Figures S15–S17. The voltage profiles of the 500 nm Au substrate 

showed plateaus associated with Li-Au alloying for nine cycles (Figure S18) as opposed 

to the five cycles observed with the 100 nm Au substrate (Figure S3). The increased 
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thickness of Ag and Au resulted in decreased CEs early in cycling due to the alloying 

processes, which can be observed in Figure 5a. Evaluation of the average CEs, tabulated 

in Table S4, across all 100 cycles and during early, mid, and late coin cell cycling indicated 

that the 500 nm Ag substrate was the highest performing of the substrates investigated 

here. 

Li cycling on the 500 nm alloying substrates exhibited similar dilation trends to the 

100 nm alloying substrates, as shown in Figure 5. The corresponding voltage vs. time 

curves for the dilatometer measurements are shown in Figure S16. The Cu substrate had 

the greatest amount of volumetric expansion, followed by Ag, then Au. Li cycling on the 

Ag substrate again resulted in premature failure, suggesting that increased pressure and 

decreased internal resistance are required to enable the long-term cycling of Li on Ag sub-

strates. Like with the 100 nm Ag substrate, two regimes of growth were observed, where 

the change in height was relatively flat, but then the growth accelerated around 50 h, or 

near cycle 25 (when the CE was high, each full cycle was just under 2 h), which corre-

sponded with a drop in CE. The changes in height with the Au substrate were initially 

very small, but increased with cycling. The height changes with each half cycle were 

greater with the Au substrate than the Cu substrate. However, the Cu substrate resulted 

in the greatest increase in height among the three substrates. 

The growth pattern on the Au substrate was more pronounced with the thicker coat-

ing. A step change in height was observed during the first electrodeposition, likely due to 

the Li-Au alloying. The step change was still present in cycle 5, as were the voltage plat-

eaus associated with Li-Au alloying (Figure S18). In cycle 50, like the 100 nm Au sample, 

the dilation response indicated linear growth. The Ag substrate showed signs of acceler-

ated growth in cycle 1, 5, and 50, and Li cycling began to fail earlier than with the 100 nm 

sample. This is the opposite of what was observed in the coin cells, as shown in Figures 

S1 and S14, where increasing the substrate thickness resulted in a longer cycle life. We 

assume that this deviation must be related to differences in cell format, where the pressure 

in the cell may not be sufficient to enable uniform Li electrodeposits on the Ag surface or 

the thick glass-frit separator may cause too high of an internal resistance. By cycle 50 (Fig-

ure S17), noise was observed in the voltage profile for 500 nm Ag in the dilatometer cell, 

suggesting either soft short circuiting or delamination. Studies of lithiophilic materials in 

pouch cells indicate that pressures greater than 0.01 MPa are sufficient to enable thin/com-

pact Li electrodeposits [52]. Pressures in the order of 0.01 MPa may be sufficient with a 

Ag substrate if a standard separator is used to decrease the internal resistance. Future 

work may consider a direct investigation of the effect of pressure on Li electrodeposit 

morphology on Ag substrates. While pressure is difficult to control in practical cell de-

signs, various fixturing strategies have been used to control pressure in cells [3,53–55]. 
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Figure 5. Li cycling in 1 M LiTFSI in DOL:DME with 5 wt % LiNO3 on Cu (green), 500 nm Ag on Cu 

(blue), and 500 nm Au on Cu substrates (pink). Li was cycled at 1 mAh/cm2 for 1 mAh/cm2. CE vs. 

cycle number for cycling in (a) a coin cell and (b) a dilatometer cell. (c) Measured dilation in height 

vs. time for Li cycling on each substrate. (d) Measured change in height during electrodeposition 

step for cycle 1, cycle 5, and cycle 50. For panel (d) the change in height is only relative to the indi-

vidual trace itself and is not scaled to the other samples/traces to allow for evaluation of the dilation 

shape. Corresponding CE vs. cycle number plots for coin cell experiments are shown in Figure S14. 

The voltage vs. time curves for the dilatometer experiments are shown in Figure S16. 

To complement the dilatometry experiments, we cycled Li on Cu, 500 nm Au, and 

500 nm Ag 50.5 times (51 electrodeposition cycles) in coin cells and then cross-sectioned 

the cells using laser PFIB, as shown in Figure 6. The cross-sectional SEM images are shown 

in Figure 6, and the corresponding EDS is shown in Figures S19–S21. This technique al-

lowed for the cells to be probed without disrupting the electrode/separator interface. Cells 

built with the Au and Cu substrates had greater amounts of volumetric expansion and 

decomposition products compared to the cell built with the Ag substrate. The thickness 

of the electrode/separator/electrode stack (measured as the distance between the two Cu 

current collectors) was 176, 189, and 141 µm for Cu, Au, and Ag, respectively. 

EDS is used to help identify the various components within a cell. For example, the 

C signal in the EDS helped to identify the separators. From the EDS, we found that there 

was some Li/SEI growth in the separators, which suggests that separator shredding may 

eventually lead to failure [41]. The EDS of the Au cell suggested that the Au migrated to 

the working electrode/separator interface with cycling. The Au at the working elec-

trode/separator interface may have led to the linear growth observed in the dilatometer 

at later cycles. The Ag cell showed greater dispersion of the Ag signal in the EDS. We 

hypothesize that Au only locally controlled Li cycling, allowing for the buildup of SEI and 

dead Li with cycling, whereas the Ag controlled the Li growth more globally. 

The cycling data, shown in Figure S22, showed evidence of cell failure for cells cycled 

with the Au and Cu substrates, indicated by an increasing initial deposition overvoltage 

with cycling in the coin cell configuration. An increase in overvoltage with cycling can be 

caused by the consumption of Li at the counter electrode, buildup of SEI, and formation 
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of dead Li. The Ag substrate was able to cycle Li with consistent and low overvoltages in 

the coin cell configuration. The Cu and Au cells showed pocketed areas of Li metal on the 

counter electrode, which indicated that the Li likely electrodissolved unevenly from the 

counter electrode. 

Since Ag cycled more stably in the coin cells compared to the dilatometer ones, we 

infer that there was a minimum amount of pressure or maximum internal resistance re-

quired for Li to cycle stably on the Ag substrate. When Li cycled without failure on the 

Ag substrate in the dilatometer cell, the least amount of volumetric expansion was ob-

served. The cross-sectional images showed relatively uniform Li electrodissolution from 

the counter electrode, despite the large amounts of SEI present throughout the cell. The 

buildup of SEI indicated that cell would eventually fail due to resistance across the cell 

(from SEI growth/electrolyte consumption) or Li consumption at the counter electrode [2]. 

 

 

Figure 6. Laser PFIB images of coin cells cross sectioned after 51 electrodeposition cycles on (a) Cu, 

(b) 500 nm Ag, and (c) 500 nm Au at 1 mA/cm2 for 1 mAh/cm2. Corresponding EDS maps are shown 

in Figures S19–S21. Cycling curves are in Figure S22. 

4. Conclusions 

We investigated Li electrodeposition on a non-alloying substrate (Cu); a high-solu-

bility, or solid solution alloying behavior, substrate (Ag); and a low-solubility, or interme-

tallic phase alloying behavior, substrate (Au). We found that the alloying substrates pro-

moted the growth of larger Li grains that coalesced, whereas the non-alloying substrate 

formed many small Li grains at a high current (1 mA/cm2). The smaller Li grains were 

more susceptible to becoming electronically isolated from the electrode during cycling. 

We also evaluated the effect of each substrate on volumetric expansion through in oper-

ando dilatometry measurements and in situ cross-sectional imaging. From this, we found 

that the greatest amount of volumetric expansion was observed with the Cu electrode. Au 

and Ag were both able to control volumetric expansion in comparison. During early cy-

cling, the volumetric expansion was minimal with the Ag substrate; however, cycling fail-

ure led to rapid volumetric expansion. The growth on the Au substrate was the most con-

trolled in the dilatometry measurements. The Ag controlled Li growth the most out of the 

three substrates when in a coin cell, with the least amount of volumetric expansion across 

the cell. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/doi/s1, Figure S1: Extended cycling for Li on Cu (top), 100 nm Au 

(middle), and 100 nm Ag (bottom) substrates in 1 M LiTFSI in DOL:DME with 5 wt% LiNO3. 
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Averages are representative of at least 3 cells with error bars representing the standard deviation. 

Cells were cycled at 1 mA/cm2 for 1 mAh/cm2. Figure S2: Deposition overvoltage vs. cycle number 

from representative coin cells from Figures 1 and S1. Deposition overvoltage was taken from the 

voltage when current is first applied on each cycle. Figure S3: Voltage vs. capacity curves for the 

first 10 cycles of Li cycling on 100 nm Au at 1 mA/cm2 for 1 mAh/cm2 in (left) a coin cell and (right) 

a dilatometer cell. Figure S4: Voltage vs. capacity curves for (top) the first 10 cycles of Li cycling and 

(bottom) select cycles from 1 to 50 on 100 nm Ag at 1 mA/cm2 for 1 mAh/cm2 in (left) a coin cell and 

(right) a dilatometer cell. Figure S5: Cycle number vs. Coulombic efficiency for Li cycling on a Cu 

substrate at 1 mA/cm2 for 1 mAh/cm2 in 1 M LiTFSI in DOL:DME (50:50 v:v) with varying concen-

trations of LiNO3. Table S1: Alloying reactions and corresponding voltages reported for Ag and Au 

substrates. Figure S6: (a) CV of 1 M LiTFSI in DOL:DME with 5 wt% LiNO3 with Cu (green), 100 nm 

Ag (blue), and 100 nm Au (pink) working electrodes. (b) Enlarged portion of CV showing onset of 

reduction current for each substrate. Scan rate was 1 mV/s. Figure S7: (a) CV of 1 M LiTFSI in 

DOL:DME with 5 wt% LiNO3 with 100 nm Ag working electrode at scan rate of 0.1 mV/s. Inset 

shows enlarged portion of CV with asterisk (*) indicating peak associated with Li-Ag alloying. Fig-

ure S8: SEM image and corresponding element EDS maps for Li deposited on Cu at 1 mA/cm2 for 

0.05, 0.1, 0.3, and 1 mAh/cm2. The EDS mapping was completed on the same samples as shown in 

Figure 1 but may be from different points on the sample. Figure S9: SEM image and corresponding 

element EDS maps for Li deposited on 100 nm Ag at 1 mA/cm2 for 0.05, 0.1, 0.3, and 1 mAh/cm2. 

The EDS mapping was completed on the same samples as shown in Figure 1 but may be from dif-

ferent points on the sample. Figure S10: SEM image and corresponding element EDS maps for Li 

deposited on 100 nm Au at 1 mA/cm2 for 0.05, 0.1, 0.3, and 1 mAh/cm2. The EDS mapping was 

completed on the same samples as shown in Figure 1 but may be from different points on the sample. 

Table S2: Alloying reactions and corresponding voltages reported for Ag and Au substrates. Table 

S3: Average particle size of Li electrodeposits measured from the SEM images shown in Figure 3 

and Figure 2. Figure S11: Voltage vs. time graphs for dilatometer data from Figure 2. Li was cycled 

onto Cu (green), 100 nm Au (pink), and 100 nm Ag (blue) substrates at 1 mA/cm2 for 1 mAh/cm2. 

Figure S12: Voltage vs. time graphs for dilatometer data from Figure 4. Li was cycled onto Cu (green), 

100 nm Au (pink), and 100 nm Ag (blue) substrates at 0.1 mA/cm2 for 1 mAh/cm2. Figure S13: SEM 

image and corresponding element EDS maps for Li deposited on 100 nm Ag (top), 100 nm Au (mid-

dle), and Cu (bottom) at 0.1 mA/cm2 for 1 mAh/cm2. The EDS mapping was completed on the same 

samples as shown in Figure 3 but may be from different points on the sample. Figure S14: Extended 

cycling for Li on Cu (top), 500 nm Au (middle), and 500 nm Ag (bottom) substrates in 1 M LiTFSI in 

DOL:DME with 5 wt% LiNO3. Averages are representative of at least 3 cells with error bars repre-

senting the standard deviation. Cells were cycled at 1 mA/cm2 for 1 mAh/cm2. Figure S15: Deposi-

tion overvoltage vs. cycle number from representative coin cells from Figures 5 and S14. Deposition 

overvoltage was taken from the voltage when current was first applied on each cycle. Figure S16: 

Voltage vs. time graphs for dilatometer data from Figure 5. Li was cycled onto Cu (green), 500 nm 

Au (pink), and 500 nm Ag (blue) substrates at 1 mA/cm2 for 1 mAh/cm2. Figure S17: Voltage vs. 

capacity curves for (top) the first 10 cycles and (bottom) select cycles from 1 to 50 of Li cycling on 

500 nm Ag at 1 mA/cm2 for 1 mAh/cm2 in (left) a coin cell and (right) a dilatometer cell. Figure S18: 

Voltage vs. capacity curves for the first 10 cycles of Li cycling on 500 nm Au at 1 mA/cm2 for 1 

mAh/cm2 in (left) a coin cell and (right) a dilatometer cell. Table S4: Average Coulombic efficiencies 

calculated for different portions of cycling and throughout all 100 cycles for the different substrates 

evaluated in this study. Averages are calculated from a minimum of 3 replicate cells. Figure S19: 

EDS of cross-sectional image of 51st electrodeposition of Li on Cu with 1 M LiTFSI in DOL:DME 

with 5 wt% LiNO3. Li was cycled at 1 mA/cm2 for 1 mAh/cm2. Figure S20: EDS of cross-sectional 

image of 51st electrodeposition of Li on 500 nm Au with 1 M LiTFSI in DOL:DME with 5 wt% LiNO3. 

Li was cycled at 1 mA/cm2 for 1 mAh/cm2. Figure S21: EDS of cross-sectional image of 51st electro-

deposition of Li on 500 nm Ag with 1 M LiTFSI in DOL:DME with 5 wt% LiNO3. Li was cycled at 1 

mA/cm2 for 1 mAh/cm2. Figure S22: Voltage vs. time curves for 51 electrodeposition cycles for laser 
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PFIB cross sectional images shown in Figure 6. Top (green) trace is Cu, middle (blue) trace is 500 nm 

Ag, and bottom (pink) trace is 500 nm Au. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

CE Coulombic efficiency 

CV Cyclic voltammogram/cyclic voltammetry 

DME 1,2-dimethoxyethane 

DOL 1,3-dioxolane 

EDS energy-dispersive X-ray spectroscopy 

Laser PFIB laser plasma focused ion beam 

LiTFSI lithium bis(trifluoromethane)sulfonimide 

SEI solid electrolyte interphase 

SEM scanning electron microscopy 
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Figure S1: Extended cycling for Li on Cu (top), 100 nm Au (middle), and 100 nm Ag (bottom) substrates in 1 M LiTFSI 

in DOL:DME with 5 wt% LiNO3. Averages are representative of at least 3 cells with error bars representing the stand-

ard deviation. Cells were cycled at 1 mA/cm2 for 1 mAh/cm2. 
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Figure S2: Deposition overvoltage vs cycle number from representative coin cells from Figure 1 and Figure S1. Deposi-

tion overvoltage was taken from the voltage when current is first applied on each cycle. 

 

 

Figure S3: Voltage vs. capacity curves for the first 10 cycles of Li cycling on 100 nm Au at 1 mA/cm2 for 1 mAh/cm2 in 

(left) a coin cell and (right) a dilatometer cell. 

 



Batteries 2025, 11, x FOR PEER REVIEW 23 of 38 
 

 

 
Figure S4: Voltage vs. capacity curves for (top) the first 10 cycles of Li cycling and (bottom) select cycles from 1-50 on 

100 nm Ag at 1 mA/cm2 for 1 mAh/cm2 in (left) a coin cell and (right) a dilatometer cell. 
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Figure S5: Cycle number vs. Coulombic efficiency for Li cycling on a Cu substrate at 1 mA/cm2 for 1 mAh/cm2 in 1 M 

LiTFSI in DOL:DME (50:50 v:v) with varying concentrations of LiNO3. 

 

 

Table S1: Alloying reactions and corresponding voltages reported for Ag and Au substrates. 

Substrate Product Reaction E vs. Li+/Li0 

[V] 

Reference 

Au LiAu 𝐴𝑢 + 𝐿𝑖+ + 𝑒− → 𝐿𝑖𝐴𝑢 0.215 [1-3] 

 Li3Au 𝐿𝑖𝐴𝑢 + 2𝐿𝑖+ + 2𝑒−

→ 𝐿𝑖3𝐴𝑢 

0.134 

Li 𝐿𝑖+ + 𝑒− → 𝐿𝑖 0 

Ag LiAg 𝐴𝑔 + 𝐿𝑖+ + 𝑒− → 𝐿𝑖𝐴𝑔 0.23 [4-7] 

Li9Ag4 4𝐿𝑖𝐴𝑔 + 5𝐿𝑖+ + 5𝑒−

→ 𝐿𝑖9𝐴𝑔4 

0.121 

Li4Ag 𝐿𝑖9𝐴𝑔4 + 7𝐿𝑖+ + 7𝑒−

→ 4𝐿𝑖4𝐴𝑔 

0.091 

Li9Ag 𝐿𝑖4𝐴𝑔 + 5𝐿𝑖+ + 5𝑒−

→ 𝐿𝑖9𝐴𝑔 

0.03 

Li 𝐿𝑖+ + 𝑒− → 𝐿𝑖 0 
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Figure S6: (a) CV of 1 M LiTFSI in DOL:DME with 5 wt% LiNO3 with Cu (green), 100 nm Ag (blue), and 100 nm Au 

(pink) working electrodes. (b) enlarged portion of CV showing onset of reduction current for each substrate. Scan rate 

was 1 mV/s. 

 
Figure S7: (a) CV of 1 M LiTFSI in DOL:DME with 5 wt% LiNO3 with 100 nm Ag working electrode at scan rate of 0.1 

mV/s. Inset shows enlarged portion of CV with asterisk (*) indicating peak associated with Li-Ag alloying.  
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Figure S8: SEM image and corresponding element EDS maps for Li deposited on Cu at 1 mA/cm2 for 0.05, 0.1, 0.3, and 

1 mAh/cm2. The EDS mapping was completed on the same samples as shown in Figure 1 but may be from different 

points on the sample. 

 
Figure S9: SEM image and corresponding element EDS maps for Li deposited on 100 nm Ag at 1 mA/cm2 for 0.05, 0.1, 

0.3, and 1 mAh/cm2. The EDS mapping was completed on the same samples as shown in Figure 1 but may be from 

different points on the sample. 
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Figure S10: SEM image and corresponding element EDS maps for Li deposited on 100 nm Au at 1 mA/cm2 for 0.05, 

0.1, 0.3, and 1 mAh/cm2. The EDS mapping was completed on the same samples as shown in Figure 1 but may be from 

different points on the sample. 

Table S2: Estimated capacities for complete lithiation for different Au and Ag lithiated states. 

Substrate Thickness Lithiated Form Capacity to Complete 

Lithiation mAh/cm2 

Au 100 Li3Au 0.0713 

Au 500 Li3Au 0.357 

Au 100 Li15Au4 0.435 

Au 500 Li15Au4 0.0871 

Ag 100 Li9Ag 0.0976 

Ag 500 Li9Ag 0.488 

Ag 100 Li20Ag 0.168 

Ag 500 Li20Ag 0.838 

 

Table S3: Average particle size of Li electrodeposits measured from the SEM images shown in Figure 3 and Figure 2.  

 1 mA/cm2 0.1 mA/cm2 

Cu 100 nm Ag 100 nm Au Cu 100 nm Ag 100 nm Au 

Particle 

diame-

ter/length 

(µm) 

0.528 ± 

0.12 

1.135 ± 0.26 1.216 ± 0.31 5.095 ± 1.1 5.327 ± 1.1 4.850 ± 0.87 
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Figure S11: Voltage vs time graphs for dilatometer data from Figure 2. Li was cycled onto Cu (green), 100 nm Au 

(pink), and 100 nm Ag (blue) substrates at 1 mA/cm2 for 1 mAh/cm2. 

 

 

 

 

 
Figure S12: Voltage vs time graphs for dilatometer data from Figure 4. Li was cycled onto Cu (green), 100 nm Au 

(pink), and 100 nm Ag (blue) substrates at 0.1 mA/cm2 for 1 mAh/cm2. 
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Figure S13: SEM image and corresponding element EDS maps for Li deposited on 100 nm Ag (top), 100 nm Au (mid-

dle), and Cu (bottom) at 0.1 mA/cm2 for 1 mAh/cm2. The EDS mapping was completed on the same samples as shown 

in Figure 3 but may be from different points on the sample. 
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Figure S14: Extended cycling for Li on Cu (top), 500 nm Au (middle), and 500 nm Ag (bottom) substrates in 1 M 

LiTFSI in DOL:DME with 5 wt% LiNO3. Averages are representative of at least 3 cells with error bars representing the 

standard deviation. Cells were cycled at 1 mA/cm2 for 1 mAh/cm2. 
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Figure S15: Deposition overvoltage vs cycle number from representative coin cells from Figure 5 and Figure S14. Dep-

osition overvoltage was taken from the voltage when current is first applied on each cycle. 

 

 

 

Figure S16: Voltage vs time graphs for dilatometer data from Figure 5. Li was cycled onto Cu (green), 500 nm Au 

(pink), and 500 nm Ag (blue) substrates at 1 mA/cm2 for 1 mAh/cm2. 
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Figure S17: Voltage vs. capacity curves for (top) the first 10 cycles and (bottom) select cycles from 1-50 of Li cycling 

on 500 nm Ag at 1 mA/cm2 for 1 mAh/cm2 in (left) a coin cell and (right) a dilatometer cell. 
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Figure S18: Voltage vs. capacity curves for the first 10 cycles of Li cycling on 500 nm Au at 1 mA/cm2 for 1 mAh/cm2 

in (left) a coin cell and (right) a dilatometer cell.  

 

Table S4: Average Coulombic efficiencies calculated for different portions of cycling and throughout all 100 cycles for 

the different substrates evaluated in this study. Averages are calculated from a minimum of 3 replicate cells. 

 
Average Coulombic Efficiency (%) 

Coating 100 nm Ag 500 nm Ag 100 nm Au 500 nm Au Cu 

Cycle 1-25 97.99±1.2 96.35±3.19 96.45±1.1 95.40±3.8 97.04±1.3 

Cycle 26-50 98.07±0.11 98.12±0.64 97.50±0.22 97.56±0.20 97.34±0.14 

Cycle 51-75 98.31±0.062 98.31±0.056 89.19±3.7 97.91±0.074 93.84±3.5 

Cycle 76-100 92.98±15 97.77±0.97 78.27±8.1 92.56±4.2 78.73±8.6  

Cycle 1-100 96.84±7.6 97.64±1.8 90.35±8.9 95.85±3.5 91.74±8.9 
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Figure S19: EDS of cross-sectional image of 51st electrodeposition of Li on Cu with 1 M LiTFSI in DOL:DME with 5 

wt% LiNO3. Li was cycled at 1 mA/cm2 for 1 mAh/cm2. 
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Figure S20: EDS of cross-sectional image of 51st electrodeposition of Li on 500 nm Au with 1 M LiTFSI in DOL:DME 

with 5 wt% LiNO3. Li was cycled at 1 mA/cm2 for 1 mAh/cm2. 
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Figure S21: EDS of cross-sectional image of 51st electrodeposition of Li on 500 nm Ag with 1 M LiTFSI in DOL:DME 

with 5 wt% LiNO3. Li was cycled at 1 mA/cm2 for 1 mAh/cm2. 
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Figure S22: Voltage vs time curves for 51 electrodeposition cycles for laser PFIB cross sectional images shown in 

Figure 6. Top (green) trace is Cu, middle (blue) trace is 500 nm Ag, and bottom (pink) trace is 500 nm Au.  
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