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A B S T R A C T   

Liquid sodium–potassium alloy NaxK100-x at. % (j14 < x < 70 at room temperature) has been proposed as a 
dendrite-free liquid metal anode for Na-ion batteries. Nevertheless, controversy surrounds the use of NaxK100-x as 
a Na-ion battery anode due to the presence of the two competitive redox-active species, Na/Na+ and K/K+. To 
resolve this ongoing controversy, we use x-ray diffraction (XRD) and cryogenic-focused ion beam/scanning 
electron microscopy (cryo-FIB/SEM) to investigate liquid Na50K50 electrodes cycled in symmetric cells using Na- 
ion electrolytes. We 昀椀nd that the reaction overpotential abruptly increases after j 40 cycles. Cryo-FIB/SEM 
reveals the precipitation of K salts, which con昀椀rms that K/K+ species are redox-active in Na-ion electrolytes. 
Such an effect progressively leads to irreversible leaching of K from the initial liquid Na50K50 composition, 
resulting in a loss of liquid metal properties. Consequently, our results suggest that NaxK100-x cannot sustainably 
function as a liquid metal anode in Na-ion batteries.   

1. Introduction 

Liquid sodium–potassium alloy (NaxK100-x at. % where j14 < x < 70 
at room temperature, as shown in the phase diagram in Scheme 1a) has 
emerged as a promising metal anode candidate for Na-ion batteries 
[1–4]. The fact that NaxK100-x is liquid at room temperature offers po-
tential advantages such as “self-healing” capabilities to enhance battery 
cyclability and recovery from structural deformation [4–7]. This can be 
true even during high-power operations due to fast kinetics in the liquid 
state [8–10]. Since Goodenough and colleagues [1] 昀椀rst demonstrated 
the feasibility of liquid NaxK100-x at. % (x j 46) as a Na-ion battery 
anode, extensive research efforts have been devoted to the development 
of NaxK100-x anodes, both with liquid electrolytes [11–14] and as com-
ponents in solid-state electrolyte systems [15–19]. Because some Na-ion 
cathode materials exhibit good cyclability and acceptable gravimetric 
capacity [20–22], coupling these cathodes with NaxK100-x anode could 
enable high-performance full-cell Na-ion batteries. 

While NaxK100-x liquid anode offers various advantages, the presence 
of two redox-active elements (i.e., two working ions) with nearly similar 
value of standard reduction potentials raises concerns about potential 
asymmetric reactions during battery cell charging and discharging. To 
evaluate their redox behavior, we computed the standard reduction 

potentials of Na and K in liquid Na50K50, as depicted in Scheme 1b. This 
was determined by calculating the Gibbs free energy of the liquid phase 
at room temperature (25 çC) and the chemical potentials of each element 
at the composition ratio (details provided in the Supplementary mate-
rials and Figure S1 [23,24]). The analysis indicates that K in the alloy 
exhibits higher reactivity than Na, given that the chemical potential of K 
is lower than that of Na. The calculation further suggests that the higher 
reactivity of K extends beyond Na50K50 to any liquid phase in the range 
of NaxK100-x, where 14 < x < 70 (Figure S2). This reactivity difference 
could induce an asymmetric redox reaction in full battery cells, as dis-
played in Scheme 1c. For example, during charging, the anode – in this 
case Na50K50 electrode – will plate Na from the Na-ion electrolyte while 
the Na cathode will release sodium ions into the liquid electrolyte. Since 
thermodynamics predicts that the most reactive element must be 
oxidized 昀椀rst during discharge, K from Na50K50 will be stripped and 
dissolved into the electrolyte, leading to the asymmetric redox reaction. 
This raises a critical question: will NaxK100-x anode be suitable for Na-ion 
batteries? 

The question concerning the viability of NaxK100-x anode sparked an 
intriguing controversy in the literature in recent years. Previous 
research found that some K can dissolve into the electrolyte during the 
redox reaction. Those studies suggested that the NaxK100-x anodes could 
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accommodate both Na and K ions, and the primary ionic carrier could be 
determined by the choice of cathode [25,26]. On the other hand, other 
studies suggested that NaxK100-x may not be practical in Na-ion elec-
trolytes due to the preferential dissolution of K [26,27]. As such, it is 
critical to understand the feasibility of NaxK100-x as self-healing liquid 
anodes for developing high-performance Na-ion batteries. 

2. Results and discussion 

In order to determine the feasibility of using liquid Na50K50 as an 
anode in Na-ion batteries, we prepared liquid Na50K50 electrodes by 
in昀椀ltrating the alloy into a three-dimensional (3D) carbon paper matrix 
(6 mm in diameter). The use of a 3D carbon paper matrix is necessary to 
con昀椀ne the liquid Na50K50. Because of the poor wettability of Na50K50, 
the carbon papers were pre-heated to 400 çC for 5 min in an inert 
environment (argon-昀椀lled glovebox) which facilitates the formation of 
carbon-potassium compounds (KC8) [14]. Typically, KC8 spontaneously 
forms upon contact with the liquid metal after the pre-heating step, and 
Na50K50 spontaneously 昀椀lls the space covering the carbon matrix 
(Fig. 1a). 

To visualize the distribution of Na50K50 within the 3D carbon matrix, 
we used a cryogenic Xe+ plasma focused ion beam/scanning electron 
microscope (cryo-FIB/SEM) to cut through the Na50K50 carbon paper. 
(Fig. 1b). Ion milling liquid metal at room temperature is challenging 
due to its high surface tension and 昀氀uidic nature [10,28,29]. We used 
cryogenic ion beam milling to make cross-sections of the electrode. 
Fig. 1b shows the entire j150 µm-thick cross-section of a Na50K50 alloy/ 
carbon paper electrode after ion beam milling. The bright contrast and 
the dark contrast indicate the presence of liquid metal and carbon 昀椀bers, 
respectively. To analyze the composition by energy dispersive spectrum 
(EDS), a small cross-section was cut out (Fig. 1c). The EDS map of the 
boxed region in Fig. 1c revealed that Na and K are present in the liquid 
electrode (Fig. 1d). The cross-sectional image of the liquid metal elec-
trode suggests that Na50K50 successfully in昀椀ltrated into the carbon paper 
without forming any voids. 

The contrast difference in secondary electron imaging in Fig. 1c in-
dicates the presence of Na-rich and K-rich regions, shown in the EDS 
maps (Fig. 1d), which could be attributed to composition or phase 
segregation during cryogenic quenching. The composition ratio of 
different regions was calculated by determining the integrated intensity 
of Na and K from the EDS spectrum (Fig. 1e). The Na-to-K atomic ratio in 
the region marked as #1 with a dark contrast is 52:48, corresponding to 
only to 2 % deviation from the nominal ratio of 50:50, while the region 
marked as #2 with a bright contrast shows a percentage ratio of 28:72, 
corresponding to 22 % deviation from the nominal ratio of 50:50. As 
suggested above, we believe such local concentration differences arise 
during quenching of the electrode in liquid nitrogen. Indeed, the fast- 
cooling procedure could give rise to a coring effect, which is 
commonly seen during quenching of liquid alloys in metallurgy [30]. 

Despite the local variations in the chemical composition caused by cryo- 
quenching, the overall Na-to-K atomic percentage ratio from the entire 
EDS map in Fig. 1d was 43:57, which is close to the desired nominal 
composition of 50:50, within 7 % deviation. Apart from the composition 
analysis, the XRD measurement suggests that there is no crystalline 
diffraction, except for KC8. This is consistent with the Na50K50 being a 
liquid metal, in that there is evidence of order that would lead to 
diffraction peaks (Fig. 1f). 

The electrochemical performance of liquid Na50K50 con昀椀ned in 
carbon papers was investigated by using a symmetric cell con昀椀guration 
(Na50K50 | Na-ion electrolyte | Na50K50) assembled using CR 2032 coin 
cells and cycled in the voltage window between −0.9 V and + 0.9 V vs. 
Na/Na+ at a constant current density of ± 0.4 mA/cm2 to a capacity of 1 
mAh/cm2. The mass loading of Na50K50 was about 2.8 mg in the carbon 
papers (6 mm diameter). We initially used 1 M NaClO4 in a mixture of 
ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 v/v) with 5 % 
volume fraction of 昀氀uoroethylene carbonate (FEC) as the electrolyte. 
The red curve in Fig. 2a shows the typical voltage vs. time pro昀椀le (昀椀rst 
four cycles) obtained from the Na50K50 | NaClO4-EC-DMC-FEC | Na50K50 
symmetric cell, and the black curve represents the voltage vs. time 
pro昀椀le obtained from a Na | NaClO4-EC-DMC-FEC | Na symmetric cell 
used for control experiments. The voltage pro昀椀le of the Na symmetric 
cell showed two distinct plateaus as indicated by the 2nd and 3rd arrows 
in Fig. 2a, along with an initial spike in voltage indicated by the 1st 
arrow. The initial voltage spike indicated by the 1st arrow is associated 
with the nucleation overpotential when Na ions in the liquid electrolytes 
are reduced to solid Na nuclei at the electrode surfaces. Once stable Na 
nuclei are formed, they grow along easy-growth directions to form 
dendritic structures. During this growth process, a lower voltage plateau 
is 昀椀rst observed when Na is stripped from the dendritic structures (e.g., 
mossy dendrites [31]) formed on the oxidizing electrode, followed by a 
higher voltage plateau when Na is removed from the bulk Na electrode 
instead of from Na dendrites on the oxidizing electrode [31]. On the 
other hand, although the voltage pro昀椀le of the Na50K50 symmetric also 
showed a spike in voltage associated with the formation of solid nuclei 
from reduced Na ions onto the liquid electrode, we observed a uniform 
increase in the voltage pro昀椀le instead of two distinct voltage plateaus as 
with the Na symmetric cell. This gradual increase in voltage implies that 
the reaction overpotentials increase during the growth process, which 
suggests the formation of heterogeneous solid structures on the liquid 
metal surface, as will be proven later. 

The red curve in Fig. 2b indicates that the cycling life of the Na50K50 
symmetric cell is unexpectedly poor, although the use of a liquid metal 
has been postulated to improve battery lifespan [1]. The cell experi-
enced an abrupt increase in overpotential after 170 h of cycling (j 35 
cycles), and the cycling did not last for more than j 250 h (corre-
sponding to j 50 cycles), when the cell exhibited huge overpotentials. 
Such poor cycling performance was not apparent in the Na symmetric 
cell, which can cycle more than 700 h before it short-circuited, as 

Scheme 1. Our hypothesis regarding asymmetric electrochemical reactions during charge and discharge. a) Equilibrium phase diagram of Na-K binary alloy. b) 
Standard reduction potentials of Na and K in Na50K50. c) An asymmetric redox reaction is caused by the lower reduction potential of K compared to Na. 
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illustrated by the black curve in Fig. 2b. 
EIS measurements (Nyquest plots, Fig. 2c and d) show that the 

charge transfer resistance of the Na50K50 symmetric cell drastically 

increased during cycling. For example, the semi-circle diameter of 50th 
cycle (purple curve, Fig. 2c) is huge compared to that of the 30th and the 
40th cycle (green and orange curve, Fig. 2c). Fig. 2d shows the same EIS 

Fig. 1. Preparation of Na50K50 electrodes. (a) Images of the carbon paper before and after Na50K50 in昀椀ltration. Inset in (a) is 2 mm. (b) A cross-sectional SEM image 
of the entire electrode after cryo-milling. (c) A cross-sectional SEM image of the Na50K50 electrode close to the surface. The top surface of the electrode was coated 
with an organometallic Pt mask. (d) A cryo-EDS map from the boxed region in (c) showing Na and K distribution. The dashed line in (c) and (d) is where the 
shadowing effect is dominant because of the EDS detector position. Low-energy EDS signals from carbon, oxygen, and sodium were not detected ef昀椀ciently in this 
region. (e) EDS elemental spectrum collected from regions #1, #2, and from the entire region in (d). When the overall composition was calculated, the area affected 
by the shadowing was not counted. (f) X-ray diffraction measurements before and after Na50K50 in昀椀ltration into the carbon papers. 

Fig. 2. Cycling performance of Na and Na50K50 symmetric cells. (a) Voltage pro昀椀les from the 昀椀rst 20 h of cycling of the two-symmetric cell at a current density of 0.4 
mA/cm2 to a capacity of 1 mAh/cm2. (b) Cyclability between the Na and Na50K50 symmetry cell. EIS data of (c-d) the Na50K50 and (b) the Na symmetry cells cycled 
under the same condition as in (a) and (b). 
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data at a higher magni昀椀cation where two semi-circles can now be 
distinguished. These two semi-circles represent the resistance through 
solid electrolyte interphase (SEI) and the charge-transfer resistance, 
respectively [32]. These data suggest that after the 30th cycle, the 
charge-transfer resistance grew signi昀椀cantly. The total impedance of 
50th cycle (j 70 kΩ) is j 350 times that of the 1st cycle (j 0.5 kΩ). 
Unlike the Na50K50 cell, the EIS of the Na symmetry cell did not expe-
rience a drastic increase in SEI resistance or charge-transfer resistance 
throughout the cycling process (Fig. 2e). The huge increase in resistance 
in the Na50K50 symmetric cell implies the ion and electron transport 

have been signi昀椀cantly impeded, which leads to the high overpotentials 
in the Na50K50 symmetric cell. 

To further investigate the unexpected failure of the liquid Na50K50 
electrode, we examined this electrode after the 1st and 40th cycles using 
cryo-FIB/SEM (Figs. 3 and 4). Fig. 3a–f shows the top surface SEM 
image, and associated EDS elemental maps (Na, K, Cl, and C) of the 
electrode after the 1st cycle. In Fig. 3a, crystallites and needle-shaped Na 
dendrites were formed on the electrode surface. The EDS maps in Fig. 3d 
and e indicate the rich presence of K and Cl in these crystalline particles, 
and XRD measurements con昀椀rmed that they are KClO4, as discussed 

Fig. 3. Cryo-FIB/SEM images of the top surface and a cross-section after the 昀椀rst charge/discharge cycle from the Na50K50 electrode. (a) SEM image and (b-f) Cryo- 
EDS maps identi昀椀ed K and Cl rich particles and Na dendrites. (g-l) Cross-section milled by cryo-FIB milling and associated EDS maps show that the 昀椀rst cycle 
electrode remains rich in Na and K. 
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further below (Fig. 4h). Fig. 3g–l presents the embedded cross-section 
after cryo-milling and EDS maps from the white boxed region of the 
cross-section. The EDS map for Na and K shows that the electrode is still 
rich in Na and K, with an atomic ratio of 48:52, suggesting the liquid 
phase is maintained during the 昀椀rst cycle (Figure S3). 

The detection of KClO4 in the electrode after the 昀椀rst cycle suggests 
the potential dissolution of K from the liquid metal during the cycling 
process. Interestingly, the dissolved K ions were observed to bind with 
ClO4− anions, precipitating to the electrode surface. This phenomenon is 
attributed to the limited solubility of the potassium salt (KClO4) in 
carbonate solvents, leading to its precipitation as a solid salt once the 
concentration of KClO4 exceeds the solubility limit (approximately a few 
hundred times lower than NaClO4 in carbonates) [33–35]. In addition, 
the Cl map in Fig. 3k indicates exclusive localization of KClO4 at the 
surface, suggesting the replacement of Na + ions in the electrolyte with 
K+. 

The identi昀椀cation of solid Na dendrites on the liquid Na50K50 surface 
in Fig. 3a is signi昀椀cant, as it explains why there is a gradual increase in 
the voltage pro昀椀le of the Na50K50 symmetric cell, as discussed earlier for 
the red curve in in Fig. 2a (more SEM images and EDS maps are available 
in Figure S4 and S5). During each battery cycle, we believe that Na 
dendrites are initially stripped from the oxidizing electrode as stripping 
of dendritic structures typically requires less overpotential as indicated 

by the second arrow in Fig. 2a. Subsequently, the uniform increase in 
overpotential (between the second and the third arrow in Fig. 2a) could 
be partly attributed to K stripping. As K stripping causes composition 
change in the liquid solution phase, such change will gradually affect the 
oxidizing potential of K, resulting in the increase in overpotential. 

Cryo-FIB/SEM images of the 40th cycle electrode further suggest 
progressive deposition of KClO4 particles to the surface of the electrode 
during battery cycles. These images help to explain why the liquid 
electrode experienced catastrophic failure and showed high over-
potentials and impedance after ~ 40th cycle (Fig. 4). The cryo-FIB/SEM 
image indicates that the top surface of the electrode that had been cycled 
40 times was uniformly covered with KClO4 particles, leading to a 
substantial charging when using a 5 KeV electron beam because of the 
poor electron conductivity of the salt particles (Fig. 4a). The cross- 
section formed by cryo-milling in Fig. 4b and associated EDS spectra 
in Fig. 4c–e revealed that a j 15 µm thick KClO4 layer precipitated on 
the surface. Additionally, the Na map in Fig. 4d and the combined 
elemental map in Fig. 4f suggest Na dendrite deposition on the KClO4 
layer. This thick layer is an effective electron and ion insulator, and thus 
blocks Na ion diffusion, thereby accelerating Na dendrite deposition. 
This con昀椀rms that during the battery cycling, K continuously strips to 
form KClO4 particles, signi昀椀cantly impeding the stable ion and electron 
transport during the electrochemical reaction. In addition, the merged 

Fig. 4. Cryo-FIB/SEM images and XRD from the Na50K50 electrode after 40 cycles. (a) Top surface of the liquid metal after 40 cycles. (b-f) Cross-section milled by 
cryo-FIB and associated EDS elemental maps show that KClO4 predominately forms on the electrode surface. (g) The composition of dendrite deposition and of the 
bottom electrode was identi昀椀ed by their corresponding EDS spectra. (h) XRD measurements of the pristine electrode, and electrodes after the 昀椀rst and 40th cycle. 
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EDS mapping and spectrum in Fig. 4f and g suggest that the dominance 
of K stripping is evident as the electrode beneath the KClO4 particles 
display only sodium signals, indicating complete transformation into 
sodium metal. The XRD measurements in Fig. 4h additionally support 
the formation of KClO4, the dissolution of K, and the emergence of Na 
metal over battery cycles. Figure S6 includes the raw XRD data from 10 
degrees to 60 degrees. We also used X-ray photoelectron spectroscopy 
(XPS) to con昀椀rm KClO4 formation at the electrode surfaces (Fig. 5). The 
binding energy of K 2p3/2 spectra before and after 5 cycles shifted from 
294 eV to 293.4 eV, which is an indicator of KClO4 formation. Cl 2p 
spectrum further shows that the binding energy of Cl 2p3/2, which peaks 
at 208.7, is ascribed to a bond in ClO4− (perchlorate) crystals. 

Our theoretical calculations suggest that K dissolution can occur due 
to the higher reactivity of K in NaxK100-x alloy, as shown in Figure S2. 
Consequently, the dissolution of K is expected to occur regardless of the 
NaxK100-x composition. To experimentally demonstrate that NaxK100-x is 
not a viable high-performance Na-ion anode material, we conducted 
electrochemical tests on three different NaxK100-x compositions 
including Na60K40 (liquid phase, x  = 60) and Na80K20 (a mixture of 
liquid Na70K30 and solid Na phase where x  = 20). Fig. 6 displays the 
cyclability of Na80K20, Na60K40, Na50K50, and Na symmetry cells in 1 M 
NaClO4 in EC/DMC. We 昀椀nd that the Na80K20 cell exhibits similar 
cyclability to that of the solid Na metal symmetry cell while the per-
formance of the Na60K40 cell has experienced a similar overpotential rise 
as the Na50K50 cell after several hundreds of hours. Unlike Na50K50, the 
electrode surfaces were not fully covered with KClO4 as the content (20 
%) of Na80K20 is much lower than Na50K50, resulting in a successful 
transformation to a pure Na electrode without exhibiting a high over-
potential (Figure S7). However, this transformation will make the cells 
susceptible to dendrite formation, ultimately leading to a short-circuit 
after approximately 750 h of cycling; the usage of the liquid electrode 
did not prevent short-circuits at all. Therefore, this experimentally 
suggests that NaxK100-x cannot improve the anode performance. 

It may be tempting to attribute the failure of the Na50K50 cell to the 
poor solubility of KClO4 instead of K dissolution. It is crucial to note our 
primary goal: to ascertain whether the Na50K50 electrode can function as 
a Na-ion anode despite of K dissolution. The choice of NaClO4 was 
intended to observe K dissolution by forming KClO4 during the battery 
redox reaction, which was observable through the Cryo-FIB/SEM and 
XRD characterization. In the meantime, as potassium bis (昀氀uoro sulfo-
nyl) imide (KFSI) is well dissolved more than 1 M in carbonate solvents 
[34], sodium bis (昀氀uoro sulfonyl) imide (NaFSI) was used to explore the 
effect of salt solubility on the liquid electrode. When 1 M of NaFSI was 
used as the salt in carbonate electrolytes, dissolution of K was also 
con昀椀rmed by EDS from the cycled electrolytes (Figure S8a). More 
importantly, the transformation to Na metal from the liquid electrode 

was also con昀椀rmed by XRD with the NaFSI electrolyte (Figure S8b). Our 
results imply that such transformation is universal, regardless of types of 
Na ion electrolytes, as their thermodynamic potentials are 昀椀xed. 

One may think that the outcome may change when the liquid 
NaxK100-x anodes are cycled in a full cell con昀椀guration. We fabricated 
the two full cells: Na50K50 | 1 M NaPF6 – EC – DMC | Na2/3Ni1/3Mn2/3O2 
(NNMO) and Na50K50 | 1 M NaClO4 – EC – DMC | NNMO. The difference 
between the NaClO4 and NaPF6 electrolyte is that the solubility of KClO4 
is signi昀椀cantly lower than that of KPF6 so we can compare the effect of 
their K-salts solubility on the cell performances. Fig. 7a shows the 
change in the voltage pro昀椀le of the full cell with the NaPF6 electrolyte at 
a 1C rate for the 昀椀rst 20 cycles. The 昀椀rst cycle charge pro昀椀le clearly 
shows the typical oxidation curve with the two distinct plateaus (around 
3.3 V and 3.7 V). Interestingly, after the 5th cycle, the battery voltage 
pro昀椀le began to show different plateaus compared to the initial voltage 
pro昀椀le. Upon carful comparison of the pro昀椀le shape with an existing 
reference [36], the multiple plateaus clearly correspond to the charge/ 
discharge voltage pro昀椀les of K2/3Ni1/3Mn2/3O2. The discharge voltage 
pro昀椀les for the 昀椀rst 20 cycles are additionally displayed in Fig. 7b. 
Furthermore, Fig. 7c presents the cyclic voltammetry (CV) of the cell 
after the 20 cycles highlighted in red. We also displayed the cyclic 
voltammetry of the additional two cells (Na50K50 | 1 M NaClO4 – EC – 

DMC | NNMO and Na | 1 M NaClO4 – EC – DMC | NNMO) to compare the 
transition of the redox pairs with the different anodes and the electro-
lytes (colored in black and blue). The change in the redox pairs in the 
cyclic voltammetry clearly indicates that the cathode materials 

Fig. 5. XPS spectra before and after 5 cycles. (a and b) K 2p and C 1 s spectra of (a) a pristine Na50K50 electrode and of (b) the electrode after 5 cycles. (c) Cl 2p 
spectrum of the pristine electrode and the electrode after 5 cycles. The K 2p3/2 peak (binding energy at 294 eV) from the pristine alloy appears to be slightly red- 
shifted compared to pure K metal (294.7 eV) and we believe this is because of the presence of Na-K bonds in the alloy. After the 昀椀ve cycles, the Cl 2p3/2 peak of the 
perchlorate signal were observed at 293.4 eV. We found that metal chloride such as NaCl and KCl is present even in the pristine sample possibly due to the impurity of 
raw Na and K metal chunks during manufacturing. (For interpretation of the references to colour in this 昀椀gure legend, the reader is referred to the web version of 
this article.) 

Fig. 6. Cycling performance of Na50K50, Na60K40, Na80K20, and Na symmetric 
cells. The current density and capacity were 0.4 mA/cm2 and 1 mAh/cm2, 
respectively. The voltage pro昀椀le from the liquid NaxK100-x anodes suggests that 
usage of the liquid anodes did not improve cyclability. 
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intercalate K+ ions instead of Na+ ions in the 1 M NaPF6 electrolyte. 
After the 20th cycle, ex-situ XRD was performed to reveal changes in d- 
spacing before and after the use of 1 M NaPF6 (Fig. 7d). After the 20th 
cycle, the (002) XRD peak position decreased from 15.92ç to 13.05ç, 
and the corresponding d-spacing expanded from 0.56 nm to 0.68 nm. 
Despite the very week diffraction from the K-ions intercalated NNMO at 
around 16o degrees likely due to the residual unconverted NNMO and 

potential strain caused by K-ion intercalation, the increase in the (002) 
layer spacing clearly indicates the large potassium cations intercalated 
into the layer oxide cathode materials. In addition to XRD, scanning 
transmission electron microscopy (STEM) additionally identi昀椀ed the 
presence of K in the NNMO particles cycled in the NaPF6 electrolyte after 
the 20th cycle (Fig. 8). We believe that this is strong evidence that K 
continuously dissolves into the liquid electrolyte, transforming the Na- 

Fig. 7. The electrochemical performance of a full cell in a NaPF6 electrolyte. (a) A voltage pro昀椀le change in a Na50K50 |1 M NaPF6 – EC – DMC | Na2/3Ni1/3Mn2/3O2 
(NNMO) cell cycled at a 1C rate. (b) The change in the discharge voltage in the full cell for the 昀椀rst 20 cycles. (c) Cyclic voltammetry of the full cells with a Na anode 
and a Na50K50 anode with a 1 M NaPF6 and NaClO4 electrolyte after 20 cycles. The all curves were captured after 20 cycles (d) XRD of the NNMO cycled in the 
Na50K50 |1 M NaPF6 – EC – DMC | NNMO cell cell after 20 cycles. (e) A performance of the full cell cycled at a 5C rate. 

Fig. 8. High-annular angle dark-昀椀eld scanning electron microscope (HAADF-STEM) images and EDS maps of an as-synthesized NNMO particle and a NNMO particle 
after 20 cycles. (a) A HAADF-STEM image of the as-synthesized NNMO particle. (b-f) The elemental maps of K, Ni, O, Na, and Mn from the particle. (g) An overall 
elemental composition table of the particle. (h) A HAADF-STEM image of the NNMO particle after 20 cycles in the NaPF6 electrolyte. (b-f) The elemental maps of K, 
Ni, O, Na, and Mn from the potassiated particle and (n) its overall elemental composition table. Scale bars in b-f and i-m is 500 nm. 
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ion battery to a K-ion battery. Such transformation is not always ideal as 
diffusion of K-intercalation in the layered oxide materials becomes 
sluggish due to its larger size, leading to a low battery performance at a 
fast-charging rate (such as 5C) as displayed in Fig. 7e. 

To make use of liquid NaxK100-x as a Na-ion anode, one may use 
NaClO4 electrolytes, considering its counter K-salt does not dissolves 
well in battery solvents. We, indeed, con昀椀rmed that the full cell with the 
NaClO4 electrolyte still functions as a Na-ion battery as the CV curves 
did not change after cycles (Fig. 7c). However, high mass loading or 
areal capacity of the electrode is inevitably required to compensate for 
dissolution of K. Nevertheless, the asymmetric reaction during charge 
and discharge signi昀椀cantly depletes Na ions in the electrolyte while 
adding more K salts to the electrode surfaces. When used in a full cell 
con昀椀guration, this will eventually create high overpotentials because of 
lower Na concentrations. Consequently, although some of Na50K50 an-
odes appear to cycle well in the beginning, the fate of the liquid metal in 
Na-ion anodes will be twofold: (1) precipitation of K salts to an extent 
that the system becomes solid, which facilitates dendrite deposition and 
(2) a high overpotential due to lack of Na-ion concentrations in battery 
electrolytes or to sluggish K-ion intercalation into Na-cathode materials. 

To further examine the effect of the anode mass loading on the 
electrochemical performance of the full cell con昀椀guration, we synthe-
sized Na50K50 | NaClO4 - EC - DMC - FEC | NNMO full cells with two 
different areal mass loading and cycled them at 5C rates (Figure S9). 
While the capacity of the small area mass loading (9.9 mg/cm2) decayed 
rapidly after around the 150th cycles, the cell with the large mass 
loading (27 mg/cm2) exhibited a gradual decline in capacity and 
eventually ceased to generate any capacity after approximately the 
1000th cycles. The cell with the small mass loading is prone to prema-
ture phase transformation into a solid Na metal in early cycles, which 
makes the cell vulnerable to unstable electron and charge transport 
caused by KClO4 passivation. On the other hand, we attribute the 
gradual decay in the capacity from the cell with the large mass loading 
not only to the KClO4 deposition but also to the continuous decrease in 
Na ions in the electrolyte due to the replacement between Na and K ions. 
Consequently, our data suggests that even with excess Na50K50 mass 
loading to slow down the phase transformation, the Na50K50 metal 
anode cannot sustainably function for Na-ion batteries. Furthermore, we 
demonstrate that excessive anode mass loading of Na50K50 compared to 
the capacity of cathode (often termed as N/P ratio [37]) may have led to 
a misleading augmented battery performance of the liquid metal in 
literature. 

3. Conclusions 

In conclusion, we have examined the feasibility of Na50K50 alloy in 
Na-ion electrolytes using an electrolyte of NaClO4 in carbonates by 
fabricating Na50K50 symmetric cells. By using cryogenic focused ion 
beam/scanning electron microscope and ex-situ X-ray diffraction, we 
found that K metal in the alloy gradually dissolves over cycles with the 
dissolved ions binding with anions (ClO4- ) to form a solid KClO4 insu-
lating layer. This layer introduces signi昀椀cant impedance to electron and 
ion transport, which was demonstrated by electrochemical impedance 
spectroscopy (EIS). Furthermore, the progressive depletion of K in the 
alloy 昀椀nally transforms the liquid composition into solid Na metal. This 
loss of K in the liquid electrode is universal regardless of salt solubility. 
Therefore, our 昀椀nding strongly suggests that the NaxK100-x alloy cannot 
function as a sustainable liquid metal anode in Na-ion electrolytes 
without fundamentally altering the system to change the thermody-
namic potentials. 
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