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Abstract 

Anode-free batteries possess the optimal cell architecture due to their reduced weight, volume, and 
cost. However, their implementation has been limited by unstable anode morphological changes 
and anode-liquid electrolyte interface reactions. An electrochemically stable solid electrolyte can 
solve these issues by enabling the deposition of dense sodium metal. Furthermore, a novel type of 
aluminum current collector can achieve intimate solid-solid contact with the solid electrolyte 
which allows highly reversible sodium plating and stripping at both high areal capacities and 
current densities, previously unobtainable with conventional aluminum foil. A sodium anode-free 
all-solid-state battery full-cell is demonstrated with stable cycling for several hundred cycles. This 
cell architecture serves as a future direction for other battery chemistries to enable low-cost, high-
energy-density, and fast charging batteries. 

 

Introduction 

Recent years have shown an increasing demand for electric vehicles as well as energy storage 
devices for large-scale grid applications. Batteries are critical for enabling these technologies and 
although they have improved significantly since the introduction of the first commercial lithium-
ion battery in 1990 1, further enhancements are needed to enable higher energy density and lower 
cost energy storage systems. While lithium batteries may be optimized further to address these two 
challenges, there remains an intrinsic limitation. Lithium is geographically concentrated and has 
experienced a significant increase in price as the demand for batteries grows 2. Sodium-based 
materials, on the other hand, are significantly less expensive and more widely available. While 
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sodium batteries are often assumed to sacrifice energy density in favor of lower cost, in this work 
we show that lower-cost sodium batteries may still achieve a high energy density comparable to 
current lithium systems due to the natural advantages of several sodium materials compared to 
their lithium counterparts. 

To compete with the high energy density possessed by lithium-ion batteries, large specific 
capacity and high cell voltage are needed while using sodium chemistry. To maximize cell voltage 
the anode with the lowest reduction potential should be used – sodium metal. However, sodium 
metal is extremely soft and highly reactive making it impractical to produce foils on a large scale. 
A recently popularized idea is the use of an anode-free cell architecture 3. Unlike conventional 
batteries, anode-free batteries are those in which no anode active material is used. Rather than 
using carbon- or alloy-based anode materials to store sodium ions during cell charging, anode-free 
batteries rely on the electrochemical deposition of sodium metal directly onto the surface of a 
current collector (Fig. 1a). This not only retains the low reduction potential of sodium metal, thus 
enabling higher cell voltage, but also lowers the cell cost and increases energy density due to the 
removal of the anode active material (Fig. 1b). 

However, many challenges have prevented the use of such a cell architecture. The 
deposition of sodium metal in conventional organic liquid electrolyte batteries is known to produce 
a porous or mossy-like morphology 4. Additionally, liquid electrolytes commonly react with the 
deposited sodium forming a solid-electrolyte interphase (SEI) 5,6. Continuous sodium 
morphological changes during cycling inevitably result in the continuous formation of SEI which 
steadily consumes the sodium inventory 7. Although several strategies have been explored 
including modifications to the liquid electrolyte 8, they have yielded only moderate improvements 
with many demonstrating only tens of cycles and/or low initial Coulombic efficiencies (ICE). 
Instead, a better approach is to utilize solid-state electrolytes. Due to their solid nature, the solid 
electrolyte separator layer is limited to a planar two-dimensional contact area with the negative 
electrode current collector (Fig. 1a). This can facilitate less solid-electrolyte interfacial reactions 
and can enable the deposition of dense sodium metal.  

To enable an anode-free sodium solid-state battery, four conditions must be met (Fig. 1c). 
First, an electrochemically stable or highly passivating electrolyte is needed to avoid the 
consumption of active sodium inventory due to the formation of a SEI layer. Second, intimate and 
robust solid-solid interface contact between the solid electrolyte and the current collector is needed 
for repeated sodium plating/stripping. Any void between the materials will prevent electron 
transfer and Na0 deposition cannot occur. Third, a dense solid-state electrolyte separator is needed. 
It is known that pores, cracks, and imperfections can promote the growth of metal filaments 
through the separator resulting in cell short-circuiting 9–13. Fourth, the current collector needs to 
be highly dense. While porous current collectors have been shown to be effective in liquid 
electrolyte cells due to their higher surface area and lowered local current densities 14,15, these 
current collectors cannot be used in solid-state cells. Unlike liquid electrolytes, solid-state 
electrolytes cannot flow into the pores of the current collector, therefore sodium plated inside the 
pores will become trapped due to the lack of sodium conduction pathways during stripping.  
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In this work, we seek to meet these four requirements to enable an anode-free sodium all-
solid-state battery. An electrochemically stable sodium borohydride solid electrolyte was found to 
achieve near-perfect contact with a pelletized aluminum current collector. Morphological 
evaluation found that the borohydride electrolyte can achieve a nearly fully dense structure by cold 
pressing which inhibited the penetration of sodium dendrites and enabled cycling at current 
densities exceeding 6 mA•cm−2. Additionally, the aluminum current collector was also found to be 
highly dense thus meeting the four requirements outlined above. As a proof-of-concept, an anode-
free sodium all-solid-state battery with NaCrO2 as the cathode was cycled for 400 cycles with an 
average Coulombic efficiency of 99.96%. This work strives to be framework for the future 
development of sodium and other battery chemistries with high energy densities and offers a 
description of the critical factors governing their electrochemical performance. 

 

  
Fig. 1. Anode-free schematics and energy density calculations. a) Cell schematic for carbon anodes, 
alloy anodes, and an anode-free configuration. b) Theoretical energy density comparison for various sodium 
anode materials. Values used for the calculations can be found in table S1. c) Schematic illustrating the 
requirements for enabling an anode-free all-solid-state battery. 
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Results and Discussion 

Electrochemically Stable Electrolyte 

An anode-free half-cell was assembled with the commonly used Na3PS4 (NPS) solid electrolyte 
paired with an aluminum foil current collector and Na9Sn4 counter electrode (fig. S1). The ICE 
was 4%. This can be attributed to the reduction of NPS at low potential forming Na3P 16, which is 
a known mixed conductor, leading to continuous SEI growth and the irreversible consumption of 
sodium inventory. To solve the electrochemical instability, a sodium borohydride solid electrolyte 
(Na4B10H10B12H12 (NBH)) was used as the separator. NBH has previously been shown to be 
electrochemically stable against sodium metal 16,17. Sodium was again electrochemically plated 
onto the aluminum foil and then stripped away, resulting in a higher ICE of 64% (Fig. 2a). This 
demonstrates the importance of using an electrochemically stable solid electrolyte in anode-free 
cells. However, the efficiency when using NBH remained unacceptably low, therefore other 
aspects of the anode-free architecture require improvement. 

 

Intimate Interface Contact 

Metal foils are by far the most common current collectors used in batteries, however only a small 
area of the foil was plated with sodium (Fig. 2a), which was confirmed to be metallic sodium by 
XRD (fig. S2). This indicates that there is not sufficient solid-solid contact between the solid 
electrolyte and the aluminum foil current collector as sodium can only deposit where there is a 
connection between the incoming Na+ from the solid-state electrolyte and the electron from the 
current collector. After stripping, sodium was still observed on the foil, thus explaining the 
relatively low ICE (Fig. 2a). This can be attributed to poor interface contact between the solid 
electrolyte, sodium metal, and foil current collector which resulted in incomplete stripping of the 
sodium. This indicates that conventional aluminum foil does not meet the intimate interface 
contact requirement, resulting in poor reversibility. 

To improve the solid-solid interfacial contact between the solid electrolyte and current 
collector, pelletized aluminum was pressed onto the solid electrolyte separator during cell 
fabrication in the same process as when using aluminum foil (Fig. 2b). Aluminum powder can 
easily conform to the variable topography of the solid electrolyte separator layer which is formed 
during the cell fabrication process (Fig. 2c). This current collector will be referred to as aluminum 
pellet. When cycled under the same conditions, the half-cell ICE was significantly improved to 
93%. When cells were disassembled after plating and after one full cycle, the uniformity of the 
sodium metal distribution on the current collector surface was found to be greatly improved. Even 
after plating 1 mAh•cm–2, which theoretically amounts to an 8.5 μm Na metal layer, the deposition 
was already uniformly distributed. This implies that the aluminum powder can form a more 
uniform and intimate contact with the solid electrolyte separator across the entire cell area 
compared to traditional aluminum foil. This was further demonstrated with electrochemical 
impedance spectroscopy which showed a lower interfacial resistance when using the aluminum 
pellet current collector (Fig. 2d). Furthermore, the aluminum pellet was shown to evenly distribute 
the applied stack pressure across the entire area of the cell which was found by inserting pressure-
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sensitive paper in between the current collector and solid electrolyte layers during cell fabrication 
(Fig. 2e). This likely also helps in uniformly spreading the soft sodium metal as it is plated in cells 
under stack pressures (10 MPa stack pressure used for this study) well above the yield strength of 
sodium (~0.2 MPa) 18.  

 

 
Fig. 2. Al pellet comparison with Al foil. Plating/stripping behavior at 1 mA•cm–2 current density for a) 
Al foil and b) Al Pellet current collectors. c) Schematic illustrating the ability of aluminum powder to form 
intimate contact with the solid electrolyte layer. d) Impedance measurements before and after cycling Al 
foil and Al pellet cells. e) Pressure paper showing the distribution of pressure over the cell area when using 
Al foil and Al pellet current collectors. Critical current density when cycling 4 mAh•cm–2 capacity with f) 
Al foil and g) Al pellet current collectors. h) Critical current density evaluation as a function of areal 
capacity at room temperature when using an Al pellet current collector. Cycling data can be found in fig. 
S4. Literature data that utilized cold-pressed solid electrolytes is added for comparison 19–41. 

 

Due to the improved contact and sodium plating uniformity, the applied current will be 
distributed over a larger area compared to when using aluminum foil. As high current density 
promotes the formation of dendrites 42–44, which can lead to cell short-circuiting, lowering the local 
current density enables cell cycling at higher total currents. When using aluminum foil and cycling 
with 4 mAh•cm–2 capacity between the electrodes, the critical current density was found to be 1.2 
mA•cm–2 (Fig. 2f). The cell failed during the sodium plating step, and the Na9Sn4 counter electrode 
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was found to cycle at much higher currents (fig. S3) therefore this critical current density can be 
attributed to failure by sodium dendrite penetration through the electrolyte during plating. When 
using the aluminum pellet current collector, the critical current density increased to 6.0 mA•cm–2 
(Fig. 2g). Interestingly, compared to previously reported critical current density values for cold 
pressed cells (Fig. 2h) our data shows successful cycling at significantly higher currents, even 
when using an aluminum foil current collector. Most previously reported critical current density 
values are ≤ 2 mA•cm–2 at ≤ 2 mAh•cm–2 capacity. This indicates that there may be another factor 
governing the high current ability of these cells, besides the type of current collector.  

 

Dense Solid Electrolyte 

Anode-free cells rely on the nature of the interface between the current collector and the solid 
electrolyte. Therefore, the solid electrolyte properties are also important to consider when 
assessing this type of cell architecture. Focused-ion beam milling scanning electron microscopy 
(FIB-SEM) was used to evaluate the morphology of the NBH solid electrolyte after cold pressing 
to form the separator layer (Fig. 3a-c). The NBH electrolyte separator exhibited an extremely dense 
morphology. The crosshatch line pattern textured on the surface is due to the imperfect titanium 
plunger used to press the solid electrolyte layer (fig. S5). More importantly, only a few rounded 
micron-sized surface pores were observed indicating good compaction without the need for high 
temperature sintering (Fig. 3b). The cross-section of the NBH was intentionally milled at the spot 
of one of the surface pores to examine how deep they protrude into the electrolyte layer. It was 
found that the pores have a rounded morphology that does not extend further than ~1 μm (Fig. 3c). 
In addition to the intimate interface contact achieved by using the aluminum pellet current 
collector, the dense morphology of NBH also contributes to the observed high critical current 
densities. It is known that imperfections in the solid electrolyte separator such as pores and cracks 
can result in dendrite penetration and cell short circuiting 9–13. Without these imperfections, it 
becomes much more difficult for sodium to penetrate the solid electrolyte layer (Fig. 3d). To 
compare with lithium solid electrolytes, Li4B10H10B12H12 (LBH) was selected as a direct 
comparison with NBH as it has also been shown to achieve an electrochemically stable interface 
with lithium metal 45. Li6PS5Cl (LPSCl) was also selected due to its common use in lithium solid-
state batteries. These solid electrolytes were found to exhibit porous morphologies after cold 
pressing (fig. S6). When these electrolytes were used as the separator in lithium half-cells, the cells 
short circuited shortly after the plating step began and could only be successfully cycled at much 
lower current densities (0.1 mA•cm−2). This can be attributed to the soft lithium creeping into the 
surface cracks of the separators 12, which can result in current concentrations at the tips of the 
lithium metal filaments and further exacerbate the filament growth through the solid electrolyte 46. 
NBH materials on the other hand have been shown to be softer than their lithium counterparts 47, 
but previously there have been no visual observations of the highly dense morphology that can be 
achieved by cold pressing when using NBH. The high sodium critical current density can be 
attributed to this newly revealed ability of this borohydride electrolyte. 
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Fig. 3. Evaluation of NBH morphology. SEM of a) NBH particles and b) top view of the NBH separator 
after cold pressing. c) FIB-SEM cross section view of NBH separator. d) Schematic illustrating the 
propensity of sodium to deposit without forming dendrites through the electrolyte. 

 

Dense Current Collector 

To probe the effect of the current collector morphology, aluminum, copper, and titanium were 
selected for comparison due to their common use in solid-state battery research as current 
collectors and cell materials. Like aluminum, copper and titanium do not form alloys with sodium, 
ensuring that they will only act as a current collector. Using a half-cell configuration, the plate/strip 
ICEs were significantly different (Fig. 4a-c). There were also small slope regions observed in the 
voltage curves during the initial stages of plating when using copper and titanium. This is attributed 
to the surface oxide layers present on these metals that react with the incoming sodium forming an 
oxide (fig. S7). This likely contributes partially to the irreversible capacity due to the high bonding 
energy between sodium and oxygen although the thin nature of the surface oxides and the small 
capacity observed within the slope regions indicates that it is not the major factor affecting the 
overall irreversibility. After repeated cycling the aluminum cells exhibited the highest capacity 
retention followed by copper, and then titanium which had the lowest capacity retention (Fig. 4d). 
As the solid electrolyte-current collector interface is known to play a critical role in the cyclability 
of solid-state anode-free cells (Fig. 2), the surface topography of the three current collectors was 
compared using optical profilometry (Fig. 4e-g). While all three current collectors exhibited 
slightly different surface textures, likely correlated to their powder morphology (fig. S8), the 
roughness of their surfaces were close in value; 0.98 µm, 1.05 µm, and 0.90 µm for aluminum, 
copper, and titanium respectively. Therefore, their degree of contact with the solid electrolyte 
separator should be similar. This indicates that the reversibility differences may be due to a bulk 
current collector effect rather than an interface variation.  
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Fig. 4. Evaluation of various pelletized current collectors. First cycle plating/stripping voltage curves of 
half-cells using a) Al, b) Cu, and c) Ti pellet current collectors. d) Electrochemical performance of the same 
three cells over 30 cycles. Optical profilometry measurements of the surface topography of e) Al, f) Cu, 
and g) Ti pellet current collectors. 

 

 To evaluate the bulk morphology of the three current collectors, FIB-SEM was used to 
image their cross-sections. As shown in Fig. 5a-c, the aluminum current collector was almost fully 
dense. By using the weight and volume of the pellet, the porosity of the aluminum was calculated 
to be 0 – 3%. In contrast, the copper current collector contained many micron-sized pores (19 – 
23% porosity), and similarly, the titanium current collector contained many larger pores (34 – 35% 
porosity). To establish a quantitative trend comparison between these three materials, several 
current collectors were fabricated at various pressures and their porosities were determined (Fig. 
5d). It was found that aluminum powder can densify more easily than copper and titanium powders 
which can be explained by the varying mechanical properties of these three materials in which 
aluminum possesses the lowest Vickers hardness (~160 MPa) compared to copper (~370 MPa) 
and titanium (~970 MPa) 48. To evaluate the potential impact of the current collector porosity on 
the reversibility of sodium plating/stripping, FIB-SEM was used again on cycled cells after one 
plate/strip cycle. These results (Fig. 5e-g) show that when pores are present in the current collector, 
sodium metal can become trapped inside during plating. Since there is no liquid electrolyte present 
and the solid electrolyte separator is unable to flow into the current collector pores, the sodium in 
the pores becomes ionically insulated after the sodium metal at the solid electrolyte-current 
collector interface is stripped away (Fig. 5h). This results in a sodium trapping effect which can 
be seen in the sodium energy dispersive X-ray spectroscopy (EDS) maps (Fig. 5e-g). Therefore, 
the use of aluminum was found to be critical to enable reversible plating/stripping, as it is soft 
enough to become highly dense after cold pressing during cell fabrication.  
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Fig. 5. Evaluation of pelletized current collector morphologies. FIB-SEM cross section views of pristine 
a) Al, b) Cu, and c) Ti pellet current collectors. d) Current collector porosity as a function of fabrication 
pressure. FIB-SEM cross section views of e) Al, f) Cu, and g) Ti current collectors after one plate/strip 
cycle with EDS mapping. h) Schematic of Na trapping mechanism for porous current collectors. 

 

Stack Pressure and Sodium Morphology 

Beyond enabling reversible cycling in an anode-free architecture, there are other important 
practical cell performance considerations to evaluate. Often, high stack pressures (50 – 250 MPa) 
are used for solid-state cell cycling 12,49–53. This is not a commercially viable option because larger 
area cells, such as 3×3 cm2, can require forces exceeding 10 tonnes (Fig. 6c). It is likely that no 
battery pack casing will be able to achieve such high pressures safely and consistently without 
using a heavy construction and thus lowering the cell energy density. Instead, lower pressure 
cycling should become the norm for solid-state battery research. Due to their low moduli, bulk 
alkali metal anodes are known to work well at lower pressures 54,55. To assess the effect of cell 
stack pressure on cyclability in this anode-free cell configuration, half-cells were cycled at 5, 10, 
15, and 20 MPa of constant stack pressure (Fig. 6a-b). When 10 – 20 MPa was used, the cells 
exhibited very similar reversibility and capacity retention. This indicates that pressures higher than 
10 MPa are not needed. 5 MPa cycling was found to be less reversible. As no noticeable difference 
in the cyclability of Na9Sn4 was observed at 5 and 10 MPa (fig. S3), the change in anode-free half-
cell performance at 5 MPa can be attributed to the anode-free side. The lower reversibility of 
anode-free cycling at 5 MPa can be attributed to the difficulty in maintaining intimate solid-solid 
contact between the current collector, sodium metal, and solid electrolyte which is essential for 
complete stripping of the deposited sodium. However, lower pressures such as 5 and 1 MPa can 
still be enabled using a slightly elevated cycling temperature (fig. S9). At 40 °C, the efficiency of 
5 and 1 MPa cells became similar to that of 10 MPa presumably due to the softening of metallic 
sodium, similar to that observed with lithium 56, which can facilitate the retention of intimate solid-
solid interfaces even at lower pressures.  
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 Areal capacity is also important to consider as higher areal capacities result in higher 
overall energy densities by maximizing the active: inactive material ratio. Using 10 MPa stack 
pressure, it was found that cycling 1, 3, and 7 mAh•cm–2 capacity of sodium, corresponding to 8.8, 
26.5, and 61.9 µm of deposited sodium respectively, exhibited very similar reversibility and 
capacity retention (Fig. 6d-e). Furthermore, similar plating/stripping efficiencies were observed 
for both 10- and 13-mm diameter cells, which indicates that larger cell areas are also possible (fig. 
S10). The sodium morphology was evaluated using cryogenic FIB-SEM (Fig. 6f). The sodium was 
found to form a dense and intimate interface with both the NBH and the Al which is critical for 
enabling sufficient ion and electron transfer respectively. To evaluate the bulk sodium morphology 
after plating, a cell was examined using cryo-FIB-SEM after plating 7 mAh•cm−2 capacity (Fig. 
6g). The electrochemically deposited sodium metal contained no pores in the area examined. This 
dense morphology is unique to this solid-state cell architecture under stack pressure compared to 
the mossy sodium observed when using liquid electrolytes at very low pressures. To evaluate the 
sodium morphology over a larger scale, an X-ray computed tomography scan was performed on a 
smaller 4 mm diameter cell after plating 7 mAh•cm–2 capacity (Fig. 6h). The sodium was found to 
be uniformly distributed across the surface of the current collector (Fig. 6i) and no significant 
morphological features were observed. This can be attributed to the homogenous plating of sodium 
due to the intimate and electrochemically stable interface which is responsible for enabling the 
highly efficient plating/stripping observed for areal capacities as high as 7 mAh•cm−2. 
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Fig. 6. Effects of cell stack pressure and areal capacity. a) Voltage profiles for Na9Sn4 | NBH | Al half-
cells cycled at 5, 10, 15, and 20 MPa. b) Capacity retention during extended cycling of the same cells. c) 
Force required to achieve various stack pressures. d) Voltage profiles for Na9Sn4 | NBH | Al half-cells 
cycled with 1, 3, and 7 mAh•cm–2 capacities. e) Capacity retention during extended cycling of the same 
cells. Cryo-FIB/SEM images of the f) Na-Al and Na-NBH interfaces and g) thick plated sodium. h) Cell 
holder schematic and cycling data for a custom 4 mm diameter X-ray computed tomography cell. i) X-ray 
computed tomography scan of 7 mAh•cm–2 plated sodium metal. 

 

 

Anode-Free Sodium All-Solid-State Full-Cell 

To demonstrate an anode-free sodium all-solid-state full-cell, a low cost NaCrO2 cathode was used 
and paired with a Na0.625Y0.25Zr0.75Cl4.375 catholyte that is known to be electrochemically stable 
against NaCrO2 57. When cycled at room temperature, the cell experienced noticeable polarization 
(Fig. 7a). To overcome the slow cathode kinetics, the full-cell was cycled at a higher temperature 
of 40 °C (Fig. 7b). This improved the cathode capacity utilization at higher currents (Fig. 7c). 
Additionally, a constant voltage hold can be added at the charged state to maximize the extraction 
of capacity from the cathode. With this protocol, the ICE of 93% was achieved which is similar to 
the ICE achieved in anode-free half cells (Fig. 7d). The cell maintained stable cycling for 400 
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cycles with a capacity retention of 70% (Fig. 7e) which is due to the high average Coulombic 
efficiency of 99.96%. This performance is attributed to the combination of the aluminum pellet 
current collector with the sodium borohydride solid electrolyte. This demonstrates the significant 
improvement when using an aluminum pellet compared to conventional aluminum foil which can 
only cycle for tens of cycles before losing most of its capacity (Fig. 7f). While higher cathode 
loadings and thinner solid electrolyte layers will be needed to enable the full potential of this cell 
architecture, this truly anode-free cell design demonstrates the effectiveness of dense solid 
electrolyte and current collector morphologies as well as a robust interface between them.  

 

  
Fig 7. Anode-free sodium all-solid-state full-cell cycling. Voltage curves of a sodium anode-free half-
cell cycled at various currents at a) room temperature and b) 40 °C. Voltage curves for the first three 
formation cycles are not shown. c) Cathode capacity as a function of current density. d) Voltage curves of 
a sodium anode-free solid-state full-cell including a constant voltage hold at 3.5 V and e) cell capacity over 
400 cycles for the same cell combined with Al foil data for comparison. NaCrO2 cathode was used in all 
cells. 

 

Conclusion 

In this work we enable stable cycling in an anode-free all-solid-state battery architecture which 
can potentially lead to a significant increase in energy density. A pelletized aluminum current 
collector was shown to enable improved solid-solid interface contact with the borohydride-based 
solid electrolyte. This intimate interface enabled significantly higher current density cycling. By 
pairing the dense aluminum pellet current collector with a sodium borohydride solid electrolyte, 
reversible cycling was achieved for capacities as high as 7 mAh•cm–2 (62 µm of sodium) due to 
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the electrochemically stable and dense solid electrolyte. Using a low-cost NaCrO2 cathode, an 
anode-free sodium all-solid-state full-cell battery was demonstrated to cycle several hundred 
cycles. This work elucidates the four critical factors that govern the electrochemical performance 
of anode-free solid-state cell designs to guide future developments of high energy all-solid-state 
batteries. We believe that this work can guide the discovery and implementation of other anode-
free battery chemistries and serve as an example that sodium can compete with and complement 
traditional lithium-ion batteries. 
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