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ABSTRACT: The Na—metal-free manufacturing approach can
improve both the manufacturing and performance of Na metal
solid-state batteries. While significant research has been
dedicated to Li—metal-free manufacturing, the exploration of
Na-based counterparts remains relatively nascent. Similar to
Li—metal-free manufacturing, achieving uniform Na deposition
remains a challenge when using a solid-state electrolyte. In this
work, we demonstrated the ability to plate a uniform 2.0 mAh
cm™> Na metal anode by the simple placement of an Al foil-
based current collector on NASICON solid-state electrolyte.
The Na anode uniformity was dramatically improved by
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functionalizing the Al CC with a ~96 nm thick layer of Au. It was shown that the in situ plated Na is homogeneous and
dense and can be reversibly stripped and plated at a Coulombic efficiency of >90%. Our findings advance the understanding of
Na nucleation and growth and offer insights into streamlining manufacturing processes for future all-solid-state Na anodes.

hile lithium (Li)—metal solid-state batteries
(LMSSBs) excel in higher energy density, sodium
(Na)—metal solid-state batteries (SMSSBs) are
increasingly viewed as the optimal choice for lighter duty
vehicles and grid storage applications due to their advantages
such as abundance in raw materials, sustainability, and cost-
effectiveness.'~* Despite the apparent advantages over
LMSSBs, similar to Li based system, Na metal is susceptible
to reacting with oxygen and therefore complicates manufactur-
ing.s’6 To address this challenge, sodium—metal-free manu-
facturing (SMFM) can be suggested as an effective solution.
SMEM can also provide a high purity Li/Na metal anode with
a pristine interface after in situ deposition.”"' The SMFM
process involves cell assembly in a discharged state and
electrochemically transferring Na ions from the cathode to the
solid electrolyte (SE)—current collector (CC) interface to
electrodeposit metallic Na anodes in situ. This approach
enhances energy density by eliminating excess Na and
simplifies the manufacturing processes by removing the need
to handle oxygen- and moisture-sensitive metallic Na.
However, as it has been shown previously, it can be challenging
to form a homogeneous metal anode.”'*™'* Therefore, it is
important to achieve the homogeneous nucleation of Na metal
between the anode CC and the SE to avoid Na filament
penetration due to current focusing.
Previous studies regarding LMSSBs made using SMFM
employed methods such as the lamination of the anode CC,
where the CC is diffusion bonded to SE at high temperature
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and pressure to ensure intimate contact between the CC and
SEs,”'>'® or incorporating alloying anodes like an additional
layer of Ag-C nanocomposite to achieve uniform and dendrite-
free Li deposition.'”'® Similarly, more recent studies regarding
metal-free SMSSBs have explored using pelletized aluminum
CCs" or thermal evaporation to deposit Cu layer onto
NASICON as the CC” for improved SE—CC contact.
Building on the success of these approaches, it could be
anticipated that similar principles would apply to SMSSBs.
However, it is known that CC lamination onto SEs not only
requires high temperature but also can introduce additional
complications during plating due to overcoming adhesion
between the SE and the CC."> Conversely, placing the CC
directly on the SE can result in poor contact at the interface,
leading to nonuniform plating and potential short-circuiting.
Therefore, developing methods to enhance Na wetting on the
CC, thereby facilitating uniform contact between anode CC
and SE while promoting homogeneous Na plating, is crucial.
The use of alloying anodes has been extensively studied
recently as they increase the lithiophilicity by introducing
lithiophilic phases such as lithiated carbon materials and Li—
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Figure 1. A schematic illustration of the cell configuration used in this study. (A) A custom-made Au—Al CC/NASICON/Na cell. (B)

Depiction of the in situ plating of Na on the Au—Al CC.

A C
0.1 T T
> Bare Al 10000 R R
o or J=0.05mA/cm?> A o As-assembled R GB int l
g 9000 [ © As-plated .
%’ -0.1 Cell short-circuit g N N N
> . . . 8000 ©  CPE, CPE, CPE,
-0.2 in o
0 0.05 0.1 0.15
Capacity/mAhcm 2 7000 - ©
B T ; , . 6000 o
or Au-coated Al 1 & 5
T 06 J=05mA/cm? | § 5000 -
02 1E °©
> 08 4000 - o
~-04 -
& . A0 o
=S 06k ] | 3000 o
£.06 S > .. ‘ .
> x 10 S S0 Int .
L | 2000 435 kHz
08 ‘ 5 : 17KHZ 35,
° .
-1+ 4 1000
1 1 1 1 1 y
0 05 1 15 p N 20 40 60 80 100
Capacity / mAh cm 2 0 2000 4000 6000 8000 10000
Rez/ Q
D After in situ plati 2 E
er in situ plating of 1 mAh/cm .
£ ¢ (i) Al CC ASI

10 um
—

(i) Middle

(iif) Edge

4

10

(i) NASICON

Figure 2. In situ plating of Na using a SMFM cell design. (A, B) Voltage profiles of in situ Na plating on (A) bare Al foil at 0.05 mA cm™ and
(B) Au—Al foil at 0.5 mA cm™2. (C) Impedance spectra before (green circles) and after (red circles) in situ plating of Na on a Au—Al CC. (D)
Cross-sectional images of in situ Na anodes at various electrode positions: (i) center, (ii) middle, and (iii) edge. (E) SEM images of Na
nucleation immediately after Na deposition or 0.001 mAh cm™: (i) Au—Al CC and (ii) NASICON pellet.

metal (Li—M) alloys (M = Sn, Sb, Au, Ag)."”""~** Sandoval et
al. showed that adding an additional layer of Ag or Au on the
Cu CC improves Li nucleation density, enabling uniform Li
growth across the CC.'’ Additionally, Haslam et al.
demonstrated that sputtering Au onto LLZO to form Au—Li
nanoclusters after heat treatment creates Li nucleation sites,
facilitating homogeneous Li plating without the need for CC
lamination.'” Given the promise of alloying approaches, this

4545

study investigated whether similar strategies can be effective
for Na-based systems as well.

We propose a simple method involving the attachment of a
Au—aluminum (Al) CC on Na;,Zr,Si, ;P c0;, (NASICON)
SE (Figure 1). In this study, NASICON was used as a model
system owing to its low interfacial resistance against Na metal
and the formation of kinetically stabled interphase.”>** This
method demonstrates uniform nucleation/plating of metallic

https://doi.org/10.1021/acsenergylett.4c01724
ACS Energy Lett. 2024, 9, 4544—4549


https://pubs.acs.org/doi/10.1021/acsenergylett.4c01724?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01724?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01724?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01724?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01724?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01724?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01724?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01724?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c01724?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

Na between the anode CC and SE without Na filament
penetration in the SE. After plating, subsequent stable cycling
was achieved while maintaining the uniformity of the in situ
formed Na (in situ Na) anode. Additionally, the use of Al foil
as the CC in this study, as opposed to copper (Cu) foil, offers
significant advantages for commercialization such as reducing
the overall manufacturing costs” and increasing the energy
density of the battery owing to its lighter weight than Cu.
Thick Na foil was used as a counter electrode, as it serves as
both a Na reservoir and a quasi-reference electrode.

As a control, bare Al foil was used as the CC. In situ plating
of Na was attempted on this bare Al foil by using a current
density of 0.05 mA cm™ and a stack pressure of 5.6 MPa
(Figure 2A). Different stack pressures were tested, and further
details are available in the Supporting Information (Figure S2).
A clear overpotential associated with Na nucleation was
observed that was followed by a plateau, which was likely
related to electrodeposition as has been observed previ-
ously.””® The applied current was lower than the critical
current density (CCD) measured for the NASICON pellet
(1.9 mA cm™ see Figure S3). It should be noted that this
CCD measurement is of a Na/NASICON/Na symmetric cell,
establishing a much better electrode/SE contact compared to
the cell that used bare Al CC. This could potentially lead to a
localized current density much higher than the measured
value.”” Despite this consideration, cell short-circuiting
occurred after the initiation of plating (Qplate ~ 0.05 mAh
cm™?; see Figure S4). This issue is attributed to inhomoge-
neous Na plating, resulting in localized current focusing. This
likely caused subsequent Na filament initiation and penetration
into the NASICON.”

Additionally, lamination of the Al CC onto the NASICON
pellet with hi%h temperature, following the method reported by
Wang et al, > was used to achieve homogeneous contact
between the CC and the SE. However, cell short circuiting
persisted (see Figure SS), showing that the lamination method,
suitable for the LMSSB system, was inadequate for the SMSSB.
Well-explored strategies for altering Li nucleation behavior
involves incorporating a lithiophilic metal layer, such as Sn and
Au.">***? These metals can form alloy clusters with Li on the
surface, facilitating uniform Li deposition. Given the analogous
working principles between Na and Li metal batteries, we
hypothesized that incorporating a Au interlayer at the Al/
NASICON interface could lower the energy barrier for Na
deposition, leading to more homogeneous Na nucleation.

Cells were assembled by placing the Au—Al CC (Au
thickness of ~96 nm) on top of NASICON (Figure 1A) and
conducted in situ plating of Na. The voltage profile for 2 mAh
ecm™> of Na plating was achieved (Figure 2B), where the
voltage response reached a minimum within the first few
seconds, followed by a steady-state plateau (see Figure S6 for
more details). This overpotential peak can be attributed to Na
nucleation at the interface between Au—Al CC and
NASICON. Moreover, it should be noted that the absence
of a plateau above 0 V that indicates alloying behavior as seen
by previous studies was observed. This is potentially due to
kinetics limitations of Na—Au alloying compared to the
alloying kinetics of Li—Au."” It is noteworthy that in the
analogous study conducted by Haslam et al.'* on the LLZO/Li
system, the use of a flat Au layer led to short circuiting,
contrasting with the findings in this study.

Figure 2C shows the electrochemical impedance spectra
(EIS) of the cell before and after in situ Na plating in Figure
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2B. Prior to in situ Na plating, a blocking tail in the low-
frequency regime is evident, aligning with the semiblocking
nature of the Au—Al CC. Additionally, a large bulk and grain
boundary impedance was observed due to the poor contact
between the CC and the NASICON. In contrast, the cell
impedance after in situ plating exhibits a nonblocking behavior
with three semicircles, representing impedance related to grain
boundary and interface transport, and an electrochemical
reaction, from high to low frequencies, respectively. The total
interfacial resistance between NASICON and in situ Na was
notably low, approximately 7 Q cm? demonstrating the
efficacy of using the Au coating in combination with the
SMFM.

To verify the uniformity and conformality of in situ Na layer,
cross sections of in situ Na/NASICON interfaces were
prepared by focused ion beam (FIB) sectioning and observed
by scanning electron microscopy (SEM). Parts i—iii of Figure
2D show the in situ Na/NASICON interface after Na plating
of 1 mAh cm™ (8.8 um in thickness) at the different positions
of the electrode, which are center, middle, and edge,
respectively. This observation demonstrates that in situ plating
of Na aided by the Au interlayer enabled a relatively uniform
plating of Na without any additional methods. We hypothesize
that in bare Al cell, Na plating was inhomogeneous, leading to
current focusing, which in turn caused Na filament penetration
and subsequent short-circuiting. In contrast, the Au layer
facilitated the formation of a Na—Au alloy, thereby enhancing
the wetting between the SE and the CC. This improved
wetting promoted uniform Na deposition, effectively mitigat-
ing short-circuiting. These observations are consistent with the
findings of Haslam et al, who demonstrated that an Au
interlayer improved Li wetting, resulting in homogeneous Li
deposition. In their study, the Au layer also prevented short-
circuiting, whereas Li deposition without the Au interlayer led
to inhomogeneous plating and eventual short-circuiting.

Additionally, energy dispersive spectroscopy (EDS) analysis
(Figure S7) was conducted on an in situ formed Na layer in
Figure 2D. The Au, initially coated on the Al CC, was observed
to be uniformly dispersed in the Na layer through alloying with
Na during the in situ plating process.

To further investigate the impact of the Au interlayer on the
uniformity of Na plating, the initial nucleation of Na was
investigated. Immediately after the nucleation occurred (based
on the voltage curve), the Al CC was removed from the
NASICON pellet and observed using SEM (Figure 2E). Dark
blotches appeared and were confirmed to be identified as Na—
Au alloys (Figure S8). The blotches were distributed uniformly
across the interface between the Al CC and NASICON. It is
important to note that the distribution of Na/Au alloy depends
on the initial physical contact between the SE and CC. Due to
the nature of the solid—solid interface, inhomogeneous
physical contact and initial Na/Au alloy nuclei distribution
were inevitable without additional treatment (Figure S9).
However, the presence of a Au interlayer improves wetting at
the interface between the SE and CC, resulting in uniform
deposition of Na as shown in Figure 2D.

However, as shown in the EDS mapping of the in situ Na
layer (Figure S7), Au alloyed with Na during the in situ plating
and migrated throughout the Na anode thickness. In principle,
after the cell is discharged with a Coulombic efficiency (CE)
closer to 100%, the distribution and morphology of residual Au
may differ from the as-assembled cell. This variation could
impact the subsequent charge process especially considering
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Figure 3. Behavior of subsequent in situ Na plating. (A) Potential profile during first cycle of plating and stripping of in situ Na plating at 0.5

mA cm™?
after first stripping and (D) after second plating.

and 5.6 MPa. (B) Nyquist plot of the cell after the first and second in situ Na plating. (C) Cross-sectional SEM images of the cell

that the as-assembled cell features a uniformly coated Au layer.
To address this concern, stripping and plating cycling were
conducted, after in situ anode formation, to verify if the
uniformity of Na was maintained.

Initially, 2.0 mAh cm™ of Na was plated in situ between the
Au—Al CC and NASICON at 0.5 mA cm™ (blue line in
Figure 3A) and then stripped again at the same current density
until the voltage response approached the voltage cutoff of 1.5
V (illustrated by the red line in Figure 3A). Similar to the
stripping of Li—metal anodes, the sudden increase in voltage
during the stripping of in situ Na is attributed to the interfacial
Na depletion, such as void formation and depletion observed
with Li metal.''****" Cell impedance measured after the first
stripping (Figure 3B) and ex situ FIB-SEM analysis (Figure
3C) following the first stripping demonstrated that the sudden
increase in voltage response during stripping was attributed to
Na depletion.'® It is noteworthy that Na depletion occurred at
relatively low CE, which was approximately 86.5% and 88.0%
for the cells shown in Figure 3A and Figure 3C, respectively.
This could possibly be attributed to the incomplete dealloying
of Na from the Na—Au alloy. Additionally, the interface after
stripping shows negligible remaining Na (Figure 3C). This
suggests that some Na loss could be attributed to the
irreversible solid electrochemical interphase (SEI) formation.
Previous studies have indicated that there could be potential
formation of SEI from the reduction of Zr**** which could
contribute to the low CE.

Subsequently, replating of Na was conducted to assess the
Na uniformity. Several observations were made. First, there is a
notable decrease in the nucleation overpotential between the
first and second plating. Second, this phenomenon can be
attributed to the remaining Na—Au alloy at the interface after
stripping, contributing to enhanced wetting for Na deposition
during the subsequent cycle. As mentioned earlier, due to the
incomplete dealloying of Na during the preceding stripping,
the Na—Au alloy could promote Na wetting, thus effectively
lowering Na nucleation overpotential during the second plating
as shown in Figures 3A and $10.**** Additionally, this
difference in thicknesses can be attributed to the likelihood of
soft short-circuiting, as indicated as the spikeg behavior during
stripping cell polarization in Figure 3A.*"*° To further
investigate how the remaining Na/Au alloy at the interface
after the first cycle affects the subsequent plating, Figure 3D
presents a cross-sectional SEM analysis of the cell after the
second plating. Notably, a marked difference in the thickness
of the in situ plated Na, particularly at the edges, is observed.
While theoretically, for a capacity of 2 mAh cm ™2, 17.6 um of
Na should be plated, the actual measurements show a
discrepancy. Specifically, while the amount of Na plated at
the center and middle closely aligns with the theoretical value
(15.5 and 16.8 pm, respectively), the edge exhibits only 10.8
pum of in situ plated Na. Overall, the thickness is less than
expected. This nonuniform plating can be attributed to the
remaining Na and gaps formed at the Au—Al CC and
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NASICON interface from the first cycle after stripping (as
depicted in Figure 3C), which could lead to an inhomogeneous
distribution of current density, resulting in preferential Na
plating during subsequent plating.***”

To demonstrate the viability of cycling SMSSB made using
SMFM, proof of concept cells were cycled over 10 cycles at 0.2
mA cm™ with a capacity of 2.0 mAh cm™ at room
temperature (Figure S11), where the CE was 94% after the
tenth cycle. The cycling performance achieved in this study is
similar to that of a comparable study conducted by Haslam et
al,'* which is interesting to note since the homologous
temperatures were the same in both studies (0.8). Despite
both studies incorporating a Au interlayer to aid in Na or Li
plating, they operate on fundamentally different principles.
Haslam et al. observed that Au nanoclusters act as nucleation
sites, facilitating stable Li plating. In contrast, our study
demonstrates that the initially flat Au layer enhances wetting,
promoting uniform Na deposition. Furthermore, our study
shows evidence of unstable stripping behavior, contributing to
a cycling performance that was not as optimal as that observed
in the Li—Au study. Nevertheless, the behavior observed using
a Au interlayer can serve as a guide for future work to focus on
studying the stripping behavior and optimizing the stripping
conditions as well as understanding the electrochemical—
mechanical phenomena at the interface between Na and
NASICON.

This study highlights the feasibility of the SMFM approach
to make SMSSBs through the integration of the Au—Al CC.
We have successfully demonstrated the stable in situ plating of
Na at 0.5 mA cm™ at room temperature, eliminating the
necessity for high-temperature lamination to ensure intimate
contact between the CC and the SE. In addition, it was
revealed that upon stripping and replating, the Au—Na alloy
remains consistently and uniformly distributed across the
interface, indicating promising cyclability. This straightforward
approach holds significant promise for advancing cost-effective
and practical manufacturing processes in the development of
SMFM for SMSSBs. However, given the high cost associated
with Au metal, it is necessary to seek alternatives. Therefore,
future work should explore cheaper substitutes for the metal
interlayer.
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