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The anode-free battery architecture has recently emerged as a promising platform for lithium and sodium
metal batteries as it not only offers the highest possible energy density, but also eliminates the need for
handling hazardous metal electrodes during cell manufacturing. However, such batteries usually suffer
from much faster capacity decay and are much more sensitive to even trace levels of irreversible side
reactions on the anode, especially for the more reactive Na metal. This work systematically investigates
electrochemical interfaces for Na plating and stripping and describes the use of the Zn surface to develop
nearly fully reversible Na anodes with 1.0 M NaPFg in a diglyme-based electrolyte. The high performance
includes consistently higher than 99.9% faradaic efficiencies for a wide range of cycling currents between
0.5 and 10 mA cm™2, much more stable interfacial resistance and nearly no formation of mossy Na after
500 cycles compared with conventional Al and Cu surfaces. This improved reversibility was further
confirmed under lean electrolyte conditions with a wide range of electrolyte concentrations and cycling
temperatures and can be attributed to the strong interfacial binding and intrinsic sodiophilic properties of
the Zn surface with Na, which not only ensured uniform Na plating but also eliminated most side reactions
that would otherwise cause electrolyte depletion. As a result, full cells assembled with Na-free Zn foil and
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a high capacity NazV,(PO,4)s cathode delivered ~90% capacity retention for 100 cycles, higher than the
73% retention of Cu foils and much higher than the 39% retention of Al foils. This work provides new
approaches to enable stable cycling of anode-free batteries and contribute to their applications in practi-

rsc.li/nanoscale cal devices.

metal anodes with Earth-abundant elements, such as Na, K,
Mg and Ca, are widely pursued as promising alternatives and

Introduction

The need for stronger and more affordable batteries for electric
transportation and smart grid applications is now widely
recognized." Current techno-economic analysis suggested that
batteries with a specific energy density >400 W h kg™" and cost
<$100 W h per kg are needed to pave the road for successful
deployments in practical large-scale applications, of which
existing Li-ion electrochemistry is unlikely to be able to
meet.>™ To this end, batteries designed with high capacity
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details, ESI Tables S1-S3 including the estimated unit energy densities of SMB
and Af-SMB in pouch and coin cell configurations, performance comparison of
batteries developed in this work with typical half cells and anode-free batteries
reported in the literature, ESI Fig. S1-S6: an equivalent circuit model for the ana-
lysis of the charge transfer resistance, SEM analysis of high capacity Na metal
plating on Zn foil, voltage profile FEs as a function of electrolyte volume during
the cycling of cells assembled using Zn and Cu foils, and XRD and TEM analyses
of NVP powders. See DOI: https://doi.org/10.1039/d2nr06120a
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among these, Na metal anodes are particularly attractive
thanks to their abundancy, high capacity (1166 mA h g™%),
much lower cost and low redox potential of —2.714 V vs. the
standard hydrogen electrode (SHE).””” Unfortunately, similar
to Li metal anodes, the cycling of Na metal also suffers
from severe side reactions due to its aggressive chemical
reactivity.®® These side reactions spontaneously generate
unstable solid-electrolyte interphases (SEI) that over time form
thick and porous layers which disrupt Na-ion transport and
cause the growth of unsafe dendrites, leading to premature
cycling failure,'®™?

Recently, substantial efforts have been devoted to enabling
the stable and controllable cycling of Na metal anodes, and a
plethora of advanced materials and electrolytes, such as artifi-
cial surface coating layers, novel electrolytes and additives,
have been developed with promising results."*'® However,
almost all these studies employ excess Na anodes (~400% or
more) and flooded electrolytes (typically 50 pL) to account for
irreversible anode and electrolyte consumption during
cycling.”” ™ Such an excessive use of materials, although
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Fig. 1 Schematic illustrations of different cell designs for Na batteries using NVP as the cathode material: (a) Na-ion batteries using the hard carbon
anode; (b) Na metal full cells with the initial presence of Na metal in excess amount; (c) anode-free full cells with Zn foil current collectors; (d) esti-
mated unit energy densities of these three cell designs with experimental data.

ensuring outstanding cycling stability, significantly compromised
the energy density of the cell to much lower than the theoretical
value and only a fraction of that of Li-ion batteries (Fig. 1 and
Tables S1 and S27).>>** As such, unlocking the full potential of
Na metal batteries requires practical strategies that support com-
parable stable cycling when ultrathin Na metal and a lean elec-
trolyte are both employed, but has been very challenging as even
a trace amount of side reactions would cause premature
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failure.?*2¢

In principle, metallic Na is not required once a fully
reversible Na metal anode architecture with 100% plating and
stripping efficiency is utilized, as Na ions initially present in the
cathode are sufficient to support continuous plating and strip-
ping. This concept is known as the anode-free design and has
attracted growing interest in recent years as it will not only
provide the highest possible specific energy density, but also
greatly simplify the cell manufacturing as safety regulations
associated with metallic Na are no longer necessary (Fig. 1).

So far, previous works on anode-free batteries have mostly
focused on Li metal batteries, but these works demonstrated
the use of new electrolytes and surface modified current collec-
tors, such as LiFSI-based concentrated electrolytes and func-
tional modification layers composed of Al,O; and polyacrylo-
nitrile, for enabling >99% Li plating and stripping efficiency
and eliminating the formation of problematic dendritic
structures.'®?” Recently, Cao et al. demonstrated that Na metal
can be cycled with >99% efficiency on Cu foil using 4.0 M
NaFSI in dimethoxyethane.® Similarly, high efficiencies were
also obtained using 1.0 M NaPF, in diglyme on Cu foil and
porous Al foils.”®*° While these works showed impressive
results, it is clear that they focus mostly on conventional
current collectors without much effort on the systematic
investigations of how current collector chemistry modulate the
interfacial plating and stripping of Na, and as such, a funda-
mental understanding has not yet been established.’**"

This contribution aims at anode-free Na metal batteries
and systematically evaluated several anode candidates and
electrolyte combinations for enabling stable cycling of such
batteries. Our results reveal the critical roles of the Zn surface

This journal is © The Royal Society of Chemistry 2023
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in directing nearly fully reversible Na plating and stripping,
reaching faradaic efficiencies exceeding 99.90% with 1.0 M
NaPF; in a glyme-based electrolyte that is much higher than
the typical Cu and Al surfaces. Such a high efficiency was veri-
fied with a series of complimentary electroanalytical methods
and was well retained in a wide range of current densities,
electrolyte concentrations, volume and cycling temperature
conditions. In addition, the plating of Na on the Zn surface
exhibited almost zero nucleation overpotential compared with
conventional Al and Cu surfaces and exhibited outstanding
cycling stability for 500 cycles with negligible accumulation of
dead mossy Na. Anode-free full cells assembled using a high-
capacity NazV,(PO,); cathode and Zn foils without the initial
presence of Na metal delivered ~90% capacity retention for
100 cycles with high current cycling at 2.0 mA cm™>. This work
provides new insights into the anode-electrolyte surface chem-
istry to enable stable cycling of anode-free batteries and con-
tribute to their applications in practical devices.

Results and discussion

We first evaluated the fundamental behavior of Na plating and
stripping on Zn, Cu, and Al current collectors using cyclic vol-
tammetry (CV) and a three-electrode setup inside an Ar-filled
glovebox. The metal foil was used as the working electrode,
and each has an exposed surface area of ~0.2 cm™2. The elec-
trolyte was 1.0 M NaPF¢ in diglyme and two pieces of Na
ribbons were used as the reference and counter electrodes.
Fig. 2a shows the comparison of the CV profiles acquired at
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2 mV s~ in the voltage window of —0.15-1.0 V and the tabu-
lated key parameters. Overall, Na plating on the Zn surface
exhibited an overpotential of only 13 mV, much lower than the
20 and 38 mV on Cu and Al surfaces, respectively. The corres-
ponding Tafel analysis of these results reveals a much smaller
slope of 6.0 mV dec™" for Na plating on Zn compared with
11.0 mV dec" on Cu, correlating with enhanced Na plating
kinetics (Fig. 2b). In addition, although amounts of Na plated
on Zn and Cu were similar during testing, the anodic Na strip-
ping peak was evidently stronger on Zn and this reveals a very
high faradaic efficiency (FE) of 99.9%, also much higher than
the 90.0% and 73.0% from Cu and Al foils, respectively.

The superior Na anode electrochemical performance on Zn
foil is consistent with the affinity of Na metal on metal foils
based on contact angle analysis.>* Fig. 2¢ and d show the
photographs of molten Na on Zn and Cu foils captured by
placing and melting ~1 g Na metal on each foil inside a glove
box at ~200 °C. Molten Na on Zn foil exhibited the smallest
contact angle of ~32° and can be considered as sodiophilic,
and this is in strong contrast with the sodiophobic properties
of Cu where a much larger contact angle of ~115° was
observed. The intrinsic sodiophilic properties of the Zn metal
surface suggest that it can be used to direct uniform Na
plating in batteries based on the plethora of literature demon-
strations where direct correlations between contact angles and
cycling stability were observed.>**® This was indeed confirmed
with the ultra-flat surface morphology of 30 mA h cm™ Na
plated on Zn surfaces in scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS) analysis
(Fig. S1t).

2mvs™ 0.04- :
@) 5 2mVs WE. n(mV) CE(%) b) 621_0_ 2.0 mA cm”
—————i ] e 8 i N ©
. Al 380 730 | £ x J 2z \
<10 cu 200 00 | Zoeg G omVee 408 A1, 94.3% Cu. 99.2% [Zn, 99.7%
E zn 130 999 | 2 . 3 | I
e 5 K oy P = 0.6 | /]
GC) 0.0k 3 7: .+76.0mV dec = | | "
=~ o« L] | 1
5 gOYOZ» ; . >04f / J
1o &8 F .- %o o —— / 9
ool . CullNa S0 = — ‘
A r ? 5 Zn//Na g 26 27 28 29 3.0 J
20k 5 0.0F -
02 00 02 04 0 005 010 015 020 00 05 10 15 20 25 30
Voltage (V vs Na /Na) Log current density Capacity (mAh)
05
n | 9)
g 0.4k Average CE= 99.91%,Cu//Na
= —— Average CE= 99.64%,Zn//Na i i
£ g o Anode CE (%) Cy::le life w_|th
0.3} Ql 80% retention
=z S
» Q;
>
S o2t
» Q. = 3 mAh cm2 Na@Zn 99.91 247 cycles
(o)) C
& 01F
§ L J v“‘
<oor M| UUUUUUUUUTUUUL iUty Na@Cu 99.64 61 cycles
0 20 40 Time ()20 300 320

Fig. 2 Coulombic efficiency for Na plating and stripping on Zn, Cu and Al: (a) cyclic voltammograms and the tabulated key parameters for Na
plating and stripping on Zn, Cu and Al foils; (b) Tafel plots from three-electrode testing; (c and d) photographs showing the contact angles of molten
Na on Zn and Cu; (e) voltage profiles of half cells showing the plating—stripping efficiencies of Zn, Cu, and Al at 2.0 mA cm~2 and 3.0 mA h cm™3; (f)
voltage profiles showing the evaluated efficiencies of Zn and Cu after 100 cycles using a standard protocol; (g) cycle life projection of Zn and Cu

half cells with the experimentally verified capacity.
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We then assembled coin cells and evaluated Na plating/
stripping behavior on these metal foils in a battery setup with
40 pL electrolyte. Fig. 2e shows the comparison of the voltage
profiles at 2.0 mA em™> with a plating capacity of 3.0 mA h
cm ™2 The FE quantified based on the ratio of stripping and
plating capacities reveals a high efficiency of 99.7% when Zn
foil was employed. This efficiency is clearly higher than the
99.2% and 94.3% of Cu and Al foils, respectively, and is con-
sistent with the CV results. In addition, the high efficiency was
further confirmed using the recently developed testing proto-
col for metal anodes that provide more reliable results.*” In
this protocol, the current collector was first conditioned by
one cycle of plating and stripping 6.0 mA h cm™> Na, followed
by plating of 6.0 mA h cm ™ Na that functions as a Na reservoir
(Qp) for subsequent cycling. The cell was then cycled for 100
consecutive stripping and plating steps at 2.0 mA cm > with a
capacity of 3.0 mA h cm™? for each step. The electroactive Na
remained after 100 cycles was quantified by complete stripping
to 0.5 V and the quantified capacity was defined as the strip-
ping capacity (Qs). As such, the average FE can be determined
using the following equation:®”

nQc + Qs
ch + QT

where n is the number of cycles (100); Q. = 3.0 mA h cm™>;
Qr=6.0mAhcm™2.

Fig. 2f presents the voltage profiles acquired on Zn and Cu
current collectors using this protocol. Both batteries exhibi-
ted stable voltage profiles and similar overpotentials of
~75 mV at this high current density, but the remaining Na on
Zn foils after cycling was more electrochemically active and
delivered higher capacity. As a result, the average FE on Zn
foil was 99.91%, higher than the 99.64% on Cu foil. The

FEayg =

(1)
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slightly higher FEs on Zn foils actually have strong impacts
on the cycling stability, and in fact, our analysis suggests that
an anode-free cell with this efficiency could last over 240
cycles for retaining 80% of the initial capacity whereas the Cu
cell can only last for 61 cycles, confirming the outstanding
potential of the new Zn-Na interface for practical batteries
(Fig. 2g).

The outstanding performance of Zn foils in modulating Na
plating and stripping was further confirmed in Zn//Na and Cu//
Na coin cells at increasing current densities with the same
plating capacity of 3.0 mA h cm™? (Fig. 3a). The average FEs on
the Zn current collector were all around 99.7% at 1.0, 3.0 and
5.0 mA cm? and decreased slightly to 96.1% at 10 mA ¢cm 2.
The FEs for the cell assembled with Cu, in comparison, exhibi-
ted pronounced variations with increasing currents and
decreased from 99.5% at 1.0 mA cm™2 to 96.5%, 92.5%, and
90.0% at 3.0, 5.0 and 10 mA cm™2, respectively, suggesting
more aggressive irreversible side-reactions on the Cu surface
(Fig. 3b). Fig. 3c and d show the comparison of Nyquist plots
acquired from Zn/Na and Cu//Na cells during cycling at
2.0 mA cm ™2 and 3.0 mA h em™. The analysis of these plots
using the equivalent circuit model in Fig. S21 suggests the
charge-transfer resistances (R.) for the Zn//Na cell increased
from the initial 5.5 to 27.1 Q ecm™> after 200 cycles, which is
substantially smaller than the 12.2 to 225.1 Q cm™” increase
for the Cu//Na cell. In addition, Fig. 3e and f show the com-
pared photographs and SEM images of Zn and Cu foils after
200 cycles in the fully stripped state. The Zn foil remained
shiny with nearly no residue tarnishing Na layers (commonly
described as dead mossy Na) whereas the presence of such
layers was evident on Cu foils. This mossy Na appeared as
islands on Cu foil as a result of its highly sodiophobic pro-
perties as presented above due to the island type hetero-
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Fig. 3 Rate and cycling stability of Na plating and stripping in coin cells: voltage profiles at increasing current densities on (a) Zn and (b) Cu foils;
Nyquist plots of (c) Zn//Na and (d) Cu//Na cells after 1, 100, and 200 cycles at 2.0 mA cm~2; SEM images and photographs (inset) of (e) Zn and (f) Cu

foils after 200 cycles.
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geneous nucleation and growth.®*' Further EDS elemental
analysis of the SEI layers on Zn reveals Na and F as the main
components with overlapping elemental distribution
(Fig. S37), which is consistent with the observation of NaF
diffraction peaks in the cycled Zn electrode and suggests that
inorganic NaF is the main component in the SEI (Fig. S47).
Other than NaF, the cycled Zn electrodes only show diffraction
peaks from Zn and the possible formation of NaZn alloys
during cycling was excluded. Of note is that the formation of
NaF-rich SEI layers promotes a uniform Na" flux and nonden-
dritic Na growth and is presumably the reason behind the
much more stable R, during cycling.?®

We further performed battery testing under lean electrolyte
conditions to better quantify the efficiency of Na'/Na redox
processes and demonstrate the practical applications of Zn
foils in enabling high energy density batteries. Fig. 4a shows
the comparison of dynamics of FEs during cycling as a func-
tion of electrolyte volume on Zn and Cu foils at 2.0 mA cm >
with a plating capacity of 3.0 mA h cm™? (Fig. S5 and 61). The
cycling with 20 pL electrolyte exhibited results that are similar
to flooded conditions for the Zn//Na cell with very stable FEs
higher than 99.9% for the entire 500 cycles. The FEs for the
Cu//Na cell, although are fairly stable for the initial 200 cycles,
exhibited pronounced fluctuations after 200 cycles (Fig. 4a).
The high and stable FEs on Zn foils were well maintained
when the electrolyte volume was reduced to 10 and 5 pL as
shown in Fig. 4b. Cycling with 5 pL electrolyte, in particular,
can still deliver >99.9% for more than 150 cycles and provides
strong evidence on the crucial roles of the Zn surface in

a) 101

20 pL electrolyte

L]
.
-
L]
« Zn//Na PR
e Cu//Na
97} S .
.
96 1 1 1 1 1
100 200 300 400 500 600
Cycle number
b) Y
100 . SV ———
=75}
> a 5L electrolyte
8 e 10 pL electrolyte
501 = 20 pL electrolyte
5 Zn/INa
0 1 1 1 1 1
0 100 200 300 400 500

Cycle number

View Article Online

Paper

enabling fully reversible Na plating-stripping over long cycles
with nearly no electrolyte depletion.

The outstanding performance of Zn foils for Na metal
anodes appears depending strongly on the electrolyte compo-
sition, as can be seen in Fig. 4c and d with voltage profiles as a
function of NaPF, concentration (0.5, 1.0 and 2.0 M in
diglyme). These cells exhibited the expected concentration-
dependent polarization with the smallest polarization for the
most conductive 2.0 M electrolyte, 1.0 M NaPF, exhibited the
best efficiency of 99.2% and this is slightly higher than the
97.4% and 95.5% from 2.0 M and 0.5 M electrolytes, respect-
ively. Reasons behind such a pronounced concentration-
dependent efficiency are unclear at this time but are consistent
with prior observations.*>**® In comparison, we further eval-
uated the efficiencies of other Na electrolytes and observed
that they were unable to achieve such high reversibility as 1.0
M NaPF, in diglyme. In addition, although it is generally
observed that batteries degrade faster at elevated temperatures
due to the increased reactivity of side reactions,**** Na plating
on Zn foil exhibited an efficiency of 99.3% at 50 °C, which is
nearly identical compared with 99.2% at 25 °C, thus confirm-
ing the outstanding interfacial stability and minimal side-reac-
tions with 1.0 M NaPF, in a diglyme-based electrolyte. This
electrolyte formulation appears essential for the outstanding
stability, as the same analysis with other typical electrolytes,
including 1.0 M NaPF, in carbonates, all exhibited signifi-
cantly lower efficiencies (Fig. S77).

We then evaluated the application of the Zn surface toward
anode-free Na metal batteries using the high energy density
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Fig. 4 Stability of Na plating and stripping on the Zn surface as a function of electrolyte volume, concentration and temperature: (a) faradaic
efficiency of Zn//Na and Cu//Na cells using 20 pL of electrolyte; (b) efficiency of Zn//Na using gradually lowered electrolyte volumes; voltage
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Fig. 5 Electrochemical performance of anode-free Na metal full batteries: (a) capacity retention and CE of Zn//NVP and Na//NVP full cells; (b)
capacity retention and CE of Zn//NVP, Cu//NVP, and Al//NVP anode-free cells; (c and d) charge/discharge voltage profiles of Zn//NVP, Cu//NVP, and

Al//NVP anode-free cells for the 15 and 100" cycles.

and cycling stable Na;zV,(PO4); (NVP) as the cathode material.
This cathode was synthesized as composites with carbon nano-
tubes using a typical hydrothermal method as described in
our previous work.** The phase purity and morphology of the
as-synthesized powders were verified using X-ray diffraction
and transmission electron microscopy (TEM) analyses prior to
battery assembly and testing (Fig. S8 and S9}). As a standard
comparison, we first compared the cycling stability of the
anode-free Na full cell equipped with Zn foil with a regular Na
metal battery containing ~400% excess Na. These two batteries
were assembled using the same amount of the cathode and
electrolyte and were cycled at 0.5C (1C = 118 mA h g™"). The
comparison of capacity retention and voltage profiles during
cycling reveals that the anode-free Zn/NVP cell delivered a
comparable capacity to the standard Na//NVP cell for the first
50 cycles and overall exhibited 87% capacity retention for 100
cycles, which is only slightly smaller than 93% of the standard
cell (Fig. 5a).

The superior performance of Zn surfaces for anode-free bat-
teries was clearly demonstrated when compared with the con-
ventional Cu and Al foils. Specifically, Fig. 5b-d show the com-
parison of the cycling stability and the associated voltage pro-
files for the three anode-free batteries assembled with
different metal foil current collectors. Although the Cu-based
cell exhibited a similar initial capacity and voltage profile to

3260 | Nanoscale, 2023, 15, 3255-3262

the Zn cell for the first 20 cycles, the cell experienced much
faster capacity decay to ~70% after 100 cycles along with
increased overpotentials. The Al-based anode-free batteries, on
the other hand, delivered a lower specific capacity and capacity
retention due to the unstable anode-electrolyte interface.
Nevertheless, the results confirm the importance of Zn in
directing nearly fully reversible Na anodes, and we expect that
further material development such as via structured hosts
and/or carefully engineered Zn nucleation sites could further
enhance the overall cell performance and be deployed as prac-
tical Na metal-free high energy density batteries.

Conclusions

Anode-free metal batteries are attractive in many aspects but
are seriously constraint with rapid capacity fading. This study
systematically examined several candidate electrode and elec-
trolyte combinations using a relatively well-defined system and
identified the Zn surface as capable of providing nearly fully
reversible Na plating and stripping. Faradic efficiencies con-
sistently higher than 99.90% were observed in a wide range of
extreme reaction conditions including high current, lean
electrolyte, and high temperatures, thus clearly verifying the
intrinsic stability of the interface compared with the widely

This journal is © The Royal Society of Chemistry 2023
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employed Cu and Al surfaces. Such stability also enabled
superior stability, with nearly unchanged >99.9% efficiency
during 500 extreme capacity cycling at 3.0 mA h em™ and neg-
ligible formation of dead mossy Na on the Zn surface. As a
result, Na-metal free full cells coupled with Zn foil and high
capacity NVP cathodes without the initial presence of Na metal
delivered ~90% capacity retention for 100 cycles, much better
than the conventional Cu and Al foils. As such, our work con-
firms the potential of anode-free Na metal batteries and
further anode architecture design based on a better balanced
Zn surface could enable further enhanced cyclic stability for
practical application.
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