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d Faculty of Materials Science and Engineering, Kunming University of Science and Technology, Kunming 650093, China 
e State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, 28 Xianning West Road, Xi’an, Shaanxi 710049, China 
f Department of Battery Engineering, Hanyang University, Seoul 04763, Republic of Korea   

A R T I C L E  I N F O   

Keywords: 
K-metal anodes 
Dendrite 
Solid electrolyte interphase layer 
NaNO3 additive 
Phase-field modelling 

A B S T R A C T   

In this study, sodium nitrate (NaNO3) dissolves in a carbonate electrolyte for K-metal batteries (KMBs) using a 
dimethylacetamide (DMA) solvent with a higher Gutmann donor number than that of NO3

− . The K-metal anode in 
0.02 M NaNO3 electrolyte exhibits enhanced stability due to the modified solid-electrolyte interphase (SEI) layer 
resulting from the preferential reduction of NaNO3. Reduced NaNO3 forms ionically conductive and mechani-
cally robust compounds in the SEI layer. This compound plays a critical role in altering the morphology of 
electrodeposited K-metal from dendritic to spherical, reducing the barrier energy of nucleation potential for K- 
ions. These unique features make K-metal highly resistant to dendrite formation and aggressive electrolyte 
chemistry. Therefore, the K-metal anode in the proposed electrolyte containing 0.02 M NaNO3 additive ensures 
excellent cycle life with stable Coulombic efficiency in both symmetrical K/K half cells and full-cells coupled with 
a Prussian green FeFe(CN)6 cathode.   

1. Introduction 

Rechargeable potassium batteries offer sustainable alternatives to 
lithium-ion batteries (LIBs), that could allow for large-scale energy 
storage. This potential arises from several key advantages, such as K’s 
low reduction potential compared to that of Li (Li: -3.04 V / K: -2.93 V 
vs. the standard hydrogen electrode, SHE), its abundant availability of K 
within the crust of the Earth (Li: 0.0017 wt.%; / K: 2.36 wt.%), and its 
cost-effective nature [1–3]. K-ion batteries (KIBs) share chemical char-
acteristics with rechargeable LIBs [2,4]. Graphite, a common anode for 
KIB, exhibits limited capacity (279 mAh g− 1), making it insufficient for 
high energy density requirements [5]. In contrast, utilizing K-metal as 
an anode proves advantageous, meeting the high demand for high en-
ergy density with its remarkable capacity (687 mAh g− 1) and low redox 
potential [2,3]. The practical use of K-metal in batteries faces challenges 
due to its high reactivity, leading to the degradation of organic car-
bonate solvents. This results in an uncontrolled interfacial reaction 

between electrolytes of K-metal, forming an unstable solid-electrolyte 
interphase (SEI) layer. Uneven deposition of K-ions on the K-metal 
anode accelerates dendritic K growth, causing short-circuit problems 
and separator penetration issues [2,3]. Extensive efforts have been made 
to address these challenges and focus on strategies such as (1) electrolyte 
modification [6–15], (2) the construction of host structures [16,17], and 
(3) the design of artificial SEI film [18,19]. These strategies were aimed 
at protecting the K-metal surface. Among these, electrolyte modification 
utilizing functional additives is a commonly employed strategy [6,10, 
14]. 

Lithium nitrate (LiNO3) is a well-known additive controlling Li 
deposition [20–27]. NO3

− can alter the morphology of deposited Li and 
the chemical properties of the SEI layer [20,22,26]. Liu et al. reported 
that an electrolyte with LiNO3 additive (particularly the presence of 
NO3

− ) can alter the electrodeposit morphology of Li-metal from fibrous 
to spherical morphology during the plating process [20]. Additionally, 
inorganic Li3N compounds from LiNO3 reduction improve SEI layer 
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elasticity and rigidity due to high ionic conductivity and mechanical 
properties [20,22]. The positive effects of LiNO3 in lithium-metal bat-
teries (LIBs) have prompted research exploring the usage of nitrate ad-
ditives to stabilize K-metal anodes. Wang et al. used potassium nitrate 
(KNO3) as an electrolyte additive for K-metal batteries (KMBs) [3]. They 
dissolved the KNO3 in ether-based electrolyte solvent. Reduction of 
KNO3 produced nitrogen and fluorine-rich compounds in the SEI layer, 
facilitating dense and uniform K-metal deposition under high current 
densities. However, due to their low oxidation stability, ether-based 
electrolytes are generally difficult to couple with high-voltage cathode 
materials. Therefore, exploring methods to dissolve nitrate additives in 
carbonate electrolytes with high oxidation stability could enhance the 
energy density of KMBs. 

In this study, we propose an innovative strategy by introducing so-
dium nitrate (NaNO3) as an additive to carbonate-based electrolytes for 
high-performance KMBs. We found that 0.02 M NaNO3 can be dissolved 
in 0.5 M potassium hexafluorophosphate (KPF6) in ethylene carbonate 
(EC):diethyl carbonate (DEC) (1:1, vol.%) electrolyte with a small 
amount of high donor dimethylacetamide (DMA) solvent as a dissolu-
tion mediator. Due to the preferential reduction of NaNO3, ionically 
conductive and mechanically robust compounds are formed in the SEI 
layer [14,28,29]. Remarkably, the introduction of NO3

− significantly 
alters the morphology of deposited K from dendritic fibers to spherical 
particles. This reduces nucleation potential, enabling dense and uniform 
deposition of K-metal [14,28]. Even under high capacity loading and 
current density, the proposed electrolyte substantially extends the life-
time of a K/K symmetric cell to over 1,000 h. Moreover, it facilitates 
K-metal full battery coupling with a low-cost Prussian green FeFe(CN)6 
cathode for more than 600 cycles. 

2. Results and discussion 

Three high Gutmann donor number (DN) solvents, namely gamma- 
butyrolactone (GBL), dimethyl sulfoxide (DMSO), and DMA, 
commonly used in alkali metal batteries, were chosen to facilitate the 
dissolution of the NaNO3 additive in EC:DEC (1:1, vol.%). This selection 
was based on the strong Lewis basicity of high DN solvents to promote 
dissolution of NaNO3 that possesses low dissociation energy to Na+-NO3

−

in EC:DEC solvent [30,31]. Fig. 1a orders the solvents (EC:DEC, GBL, 
DMA, and DMSO) and NO3

− by DN. Both DMA and DMSO solvents 
exhibited higher DN than NO3

− and exhibited good dissolution capability 
in 0.5 M NaNO3 (Fig. 1b) [32–35]. Despite their high DN, these solvents 
(strong Lewis basicity) generally exhibit strong reactivity against 
K-metal anode (strong Lewis acidity) [36]. Fig. S1 illustrates the 
oxidation of the K-metal surface and turned blue upon contact with the 
DMA, while DMSO triggers an explosive chemical reaction within a few 
seconds. Due to its mild reactivity (even with high DN), DMA was 
selected as a mediator solvent for NaNO3 dissolution in a 
carbonate-based electrolyte solution. In this study, 0.5 M KPF6 in EC: 
DEC (1:1, vol.%) electrolyte was served as baseline electrolyte (BE). To 
modify BE, DMA was introduced into BE (BE:DMA = 38.5:1, w/w.%) 
(D-BE). NaNO3 was then added into D-BE by varying mole fractions of 
0.02, 0.04, and 0.06 mol (denoted as D-2NE, D-4NE, and D-6NE, 
respectively) (Fig. 1c). To confirm the stability of interface between 
K-metal and EC/DEC with DMA electrolyte, we further checked chem-
ical reactivity test of potassium metal with electrolytes using BE, D-2NE, 
and D-BE in Fig. S2a. K-metal surface in D-2NE and D-BE is not oxidized 
even after 20 h of contact. It was visually observed that the addition of a 
very small amount of DMA solvent into electrolyte did not affect the 
reactivity of potassium metal. This is also consistent with results of 

Fig. 1. (a) Donor number of solvents (EC, DEC, GBL, DMA, and DMSO) and NO3
− . (b) Digital photographs of electrolyte supplemented with 0.5 M NaNO3 electrolytes 

corresponding to different solvents (EC:DEC [1:1, vol.%], GBL, DMA, and DMSO). (c) Optical images of electrolytes corresponding to BE, D-2NE, D-4NE, and D-6NE. 
NMR spectra (600 MHz, 298 K) of (a) 1H and (b) 19F in electrolytes corresponding to BE and D-2NE; (d-1) CH2 signal, (d-2) CH3 signal, (e) PF signal. The position of H 
in the DEC molecule marked with red circle in 1H NMR spectra. 
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self-discharge test during in the same range of time in Fig. S2b. Rather, 
the decomposition of the NaNO3 additive (~1.6 V) with the low LUMO 
energy level results in forming a stable SEI layer and suppressing the 
degree of irreversible electrolyte decomposition assigned to carbonate 
reduction (Fig. S2c) [28]. Starting from D-4NE, the electrolyte became 
cloudy, and at D-6NE, the salt remained undissolved in the solution. This 
is important discovery, as the low solubility issue of nitrate additive in 
carbonate-based electrolyte solution can be resolved by the new 
approach of dissolving 0.02 mole of NaNO3 into the D-BE. The disso-
lution of NaNO3 in the D-BE was confirmed by nuclear magnetic reso-
nance (NMR) spectroscopy (Fig. 1d and e). The 1H spectrum exhibited 
up-field shifts associated with the chemical reaction between NaNO3 
and the EC/DEC solvents, indicating chemical shifts in the right direc-
tion upon adding NaNO3 [37–39]. This is due to the observation that 
when the NaNO3 additive was dissolved in D-BE, electron-rich (high DN) 
NO3

− attracted the electron-deficient CH2 group in EC and/or DEC 
molecule [40–42]. Conversely, the 19F spectra show a down-field shift 
when NaNO3 is added to D-BE, and this is attributed to the formation 
K+-NO3

− and K+-DMA bonds that occur due to weakening of the K+-PF6
−

bond [43–45]. Note that the displacement of PF6
− from the cationic 

center in the solvation shell due to the weak K+-PF6
− bond can contribute 

to form a relatively large fraction of F-rich inorganic compound in the 
SEI layer. Along with NMR data, we predicted the potential solvation 
structure through the binding energy with K+ through the DFT calcu-
lations (Fig. S3) [46–48]. EC, DEC, DMA and PF6

− showed similar values, 

but NO3
− had a much higher binding energy with K+. The strong binding 

energy value between K+ and NO3
− suggested that NO3

− can occupy the 
inner layer of the K+ solvated structure in D-2NE [47,48]. 

To compare the 1st electrodeposition behavior of K-metal between 
BE and D-2NE, asymmetric K/Cu cells were fabricated. In these cells, K 
deposition onto a Cu substrate was conducted at a capacity loading of 1 
mAh cm− 2 and current density of 1 mA cm− 2. The morphologies were 
subsequently observed using scanning electron microscopy and corre-
sponding elemental dispersive x-ray (EDX) analysis (Fig. 2a–d). In the 
case of BE, K-metal appeared to be loosely packed and possess an uneven 
island-type electrodeposit morphology on the Cu substrate. By contrast, 
D-2NE exhibited densely packed electrodeposit K-metal film on the Cu 
substrate. The K-metal completely covered the Cu substrate, D-2NE. 
Strikingly, spherical K-metal particles were observed in the presence of a 
NaNO3 additive in the carbonate-based electrolyte, and this is generally 
attributed to the effect of NO3

− [20,49,50]. Along with altering the sol-
vation structure, the presence of NO3

− drives the frontier reaction during 
SEI formation, such as the formation of an ionically conductive Na3N 
compound (see the elemental mapping of the nitrogen atom) and plays 
an important role in changing the chemical properties of the SEI. During 
the 1st plating reaction in the K/Cu cells (Fig. 2e), D-2NE (0.209 V) 
exhibited a lower nucleation potential than that of BE (0.250 V) [51]. 
These features are also closely related to the exchange current density on 
the electrode surface [52]. The exchange current density is a crucial 
parameter reflecting the electrochemical kinetics of the plating process 

Fig. 2. SEM and EDX (K, Cu, and N) images corresponding to electrochemical K deposition on a Cu foil in different electrolytes at a current density of 0.4 mA cm− 2 

and capacity loading of 4 mAh cm− 2 with (a and c) BE and (b and d) D-2NE. (e) Nucleation potential of the electrodeposited K in electrolytes with/without NaNO3 
additive at a current density of 0.1 mA cm-2 and capacity loading of 1 mAh cm-2. Distribution of current densities on the substrate with (f and g) BE and (h and i) D- 
2NE (f and h) before and (g and i) after cycling. 
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and can be obtained from the Tafel plot based on linear sweep voltam-
metry (scan rate: 1 mV/s) (Fig. S5). Fig. S5 illustrates that the exchange 
current density of the D-2NE (1.97 μA) is ten-fold lower than that of the 
BE (19.95 μA). Previous studies suggest that the nucleation of K with a 
lower local current density results in larger nuclei for K deposition, thus 
leading to a uniform distribution of K+ during electrodeposition, as 
indicated by phase-field modelling [53]. Therefore, the anticipated ef-
fects of the lower exchange current density and the spherical 
morphology of deposited K were to impede the growth of K seeds during 
electrodeposition and facilitate a uniform distribution of K+. Tafel 
curves demonstrate that the introduction of NaNO3 as an additive 
significantly reduces the exchange current density, suggesting the po-
tential for uniform electrodeposition of K-metal with NaNO3. To gain 
further insight into the behavior of K-metal growth during cycling, the 
morphology of K electrodeposition on the substrate with different 
electrolytes was visualized through multi-physical simulation. Initially, 
a 3D surface with random fluctuations was generated using a random 
function with roughness Ra=7.2 μm (Fig. S6). The exchange current 
density values for BE were set at 19.95 μA cm− 2, and for the D-2NE 
electrolyte they were set at 1.97 μA cm− 2 and incorporated into the 
Butler-Volmer equation [53,54]: 

J = j0

[

exp
(

αF
RT

ηc

)

− exp
(

−
(1 − α)F

RT
ηa

)]

(1)  

including Faradic current density (J), the exchange current density (j0), 
the overpotential (η), the molar gas constant (R), the temperature (T), 
and the anodic charge-transfer coefficients (α). All phase-field simula-
tions were conducted using the COMSOL Multi-physics 5.5 platform. As 
depicted in Fig. 2f and h, there is minimal variation in the initial dis-
tribution of the current density on the substrate, regardless of the elec-
trolyte used. Nevertheless, after cycling (Fig. 2g and i), the current 
density on the substrate of D-2NE is markedly lower and more uniform 
compared to BE. Additionally, the surface roughness of D-2NE exhibits 
relatively small changes (2.28 %) with a uniform morphology of K 
electrodeposition on the substrate. In contrast, the surface roughness 
dramatically increased to 18.11 % in BE during electrodeposition 
(Fig. S7). These results indicate that D-2NE effectively modulates the 

distribution of current density on the substrate, facilitating the uniform 
deposition of K-metal during repeated electrodeposition cycles. This 
uniform distribution of K-ions is attributed to the electrodeposition of 
spherical K that results in the even growth of the potassium layer on the 
substrate. 

The practical operation of KMBs under fast-charging conditions 
(high current density) is a significant challenge. Therefore, under high 
current density, we further examined the effects of the NaNO3 additive 
on the electrodeposition of K-metals through a combination study that 
included SEM, atomic force microscopy (AFM), and operando-Optical 
microscopy (o-OM) analyses. SEM with a focused ion beam (FIB) was 
used to assess the electrodeposited K-metal at both the top and cross- 
sectional views. K-metal was deposited onto the Cu substrate at a ca-
pacity loading of 4 mAh cm− 2 and current density of 12 mA cm− 2. 
Compared to observations in BE (Fig. 3a-b), D-2NE (Fig. 3c-d) produced 
a dendrite-free and densely packed electrodeposited K-metal film (BE: 
14.4 μm and D-2NE: 6.9 μm) that was composed of thick K-metal par-
ticles. These observed patterns were distinctly confirmed through 2D 
and 3D AFM topographic analyses (scan size: 5 μm × 5 μm) of the 
deposited K. The color changes (from red to blue) in the 2D mapping 
images (Fig. S8) demonstrate drastic differences in the surface rough-
ness of the deposited K. The 3D topographic maps, including the height 
profile of electrodeposited K (Fig. 3e–g) exhibited tortuous dendrites 
(height profile variation of > 0.6 μm) and uniform deposits of K-metal 
(height profile variation of < 0.2 μm) for BE and D-2NE, respectively. 

o-OM was further conducted to unravel the different electrodeposi-
tion mechanisms of K-metal between BE and D-2NE (Fig. 4). Over 5 min, 
o-OM monitored the K deposition process at a constant current of 12 mA 
cm− 2 using customized K/K cells in real-time. Fig. 4 compares the 
snapshot images from recorded videos in electrolytes with and without 
NaNO3 additive (Supporting video 1: BE and Supporting video 2: D- 
2NE). In the case of the BE, the formation of K dendrites began only after 
1 min, with the dendrite growth rate increasing until a hard short-circuit 
occurred after 5 min (Fig. 4a). By contrast, no visible K dendrites were 
observed for the first 2 min in D-2NE. Although K dendrites were 
inevitably developed in D-2NE after 3 min due to the extremely high 
current density, the growth rate was significantly slower than that of BE. 
The impact of NaNO3 on retarding the dendritic growth of K-metal was 

Fig. 3. (a and c) SEM and (b and d) FIB images of electrolytes at a current density of 12 mA cm− 2 and capacity loading of 4 mAh cm− 2: (a and b) BE and (c and d) D- 
2NE. (e and f) 3D AFM topographic images (5 × 5 μm2 scan size) and (g) height profiles of electrodeposited K on the Cu substrate at a current density of 12 mA cm− 2 

and capacity loading of 4 mAh cm− 2 in (e) BE and (f) D-2NE. 
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Fig. 4. Snapshots of operando-Optical microscopy analysis of the electrochemical deposition of K in (a) BE and (b) D-2NE.  

Fig. 5. Characterization of the chemical components of the SEI layer formed on the Cu foil in (a–d) BE and (e–h) D-2NE. XPS spectra of (a and e) C1s, (b and f) O1s, (c 
and g) F1s, and (d and h) N1s at a current density of 1 mA cm-2 and capacity loading of 1 mAh cm-2. (i) HOMO–LUMO energy levels of the salt (KPF6 and NaNO3) and 
solvents (EC, DEC, and DMA). NEB energetic profiles for the migration pathways of K+ are presented in (j). (j) describes minimum energy pathways (MEPs), and (k 
and l) illustrate the most probable K–ion migration paths for Na3N and Li3N, respectively. 
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additionally supported by o-OM data obtained using D-BE (Fig. S9, 
Supporting video 3: D-BE). The combined SEM, AFM, and o-OM analysis 
data provided solid evidence for the beneficial effects of the NaNO3 
additive in carbonate-based electrolytes to suppress the formation of K 
dendrite and its growth during plating reactions. 

The distinct electrodeposit behaviors of K-metal between BE and D- 
2NE are attributed to the chemical properties of the SEI layer. Using X- 
ray photoelectron spectroscopy (XPS) analysis, we characterized the 
chemical composition of SEI layers retrieved from K/Cu cells with and 
without the using the NaNO3 additive (Fig. 5). Understanding the 
highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) energies of the salts and solvents is crucial for 
investigating the chemical components of the SEI layer, as the electro-
lyte solution inevitably decomposes at the metallic anode surface during 
the plating process. Density functional theory (DFT) calculations were 
conducted to determine the HOMO and LUMO energies of the salts 
(KPF6 and NaNO3) and solvents (EC, DEC, and DMA). Fig. 5i indicates 
that NaNO3 possesses the lowest LUMO energy compared to that of other 
components in the electrolyte solution. This suggests that NaNO3 is 
preferentially reduced on the surface of the K-metal anode during the D- 
2NE plating process, thus contributing to the formation of the inorganic 
components derived from NO3

− in the SEI layer [55,23] (see the N 1s 
spectra in Fig. 5d and h). Notably, the formation of K3N from the redox 
reaction of N3− is inherently unstable [56]. Conversely, the formation 
energy of Na3N is energetically stable (ΔHf = -63.518 kJ/mol) via the 
spontaneous reaction of 3Na+ + N3− → Na3N [57]. Therefore, we 
reasonably believed that the N3− species observed in N 1s spectra were 
more likely to be Na3N rather than K3N. Note that the peaks at 285.4 eV 
and 400.1 eV corresponding to C-N compound in the C 1s and N 1s 
spectra, respectively were attributed to the electrochemical reduction of 
DMA [58–61]. Additionally, nudged elastic band (NEB) calculations 
revealed that Na3N (0.261 eV) can provide good K+ diffusion channels in 
the crystal structure that contribute to the uniform electrodeposition of 
K-metal rather than to dendritic growth (Fig. 5j–l). F 1s spectra 
confirmed that D-2NE produced a relatively large fraction of K-F and P-F 
derivatives compared to those of BE, as the introduction of NaNO3 
triggers the facile reduction of PF6

− by weakening the K+-PF6
− bonding in 

the electrolyte solution (Fig. 5c and g). Furthermore, noticeable differ-
ences in inorganic species such as K salt, K2O, and Na2O were observed 
between BE and D-2NE in the O 1s spectra, thus indicating that the 
addition of NaNO3 additive triggers the formation of inorganic K2O 
and/or Na2O in the SEI layer [62]. The NaNO3 additive preferentially 
decomposes over salts and solvents in the electrolyte solution during the 
plating process. This not only prevents the decomposition of extra sol-
vent molecules but also leads to the formation of an inorganic-rich SEI 
layer [63,64]. This further verified by C 1s, O 1s, and F 1s XPS spectra 
with different etching time of 0s (outmost surface) and 60s (inner part) 
(Fig. S10). The outmost surface of SEI layer formed from BE and D-2NE 
electrolytes shows the marginal differences for the KF compound. 
However, when etching progresses into the inner part of SEI layer, 
D-2NE has the lower contents of organic species but higher KF content 
compared to BE (relative intensity in the SEI layer); this indicated that 
the addition of 0.02 M NaNO3 additive reduce the decomposition of 
solvent molecules with forming the large fraction of inorganic F-rich 
compounds [58–61,65–68]. Overall, these features can enhance the 
mechanical integrity of the SEI layer and suppress the dissolution of 
organic species in the SEI layer by polar molecules in electrolyte solu-
tions. The mechanical strength of the SEI layer was evaluated using AFM 
force-displacement (F/D) measurements (Fig. S11a and b) [69,70]. Both 
electrolytes exhibited typical F/D curves of the SEI layer; however, the 
SEI layer induced by D-2NE revealed a relatively higher Young’s 
modulus (6.578 GPa) compared to that of BE (4.869 GPa). This implies 
that the introduction of NaNO3 can effectively suppress volume changes 
during K plating/stripping and is resistant to dendrite growth [71]. The 
dissolution of the SEI layer in the electrolyte solution was experimen-
tally quantified using K/Cu cells (Fig. S12). The cells were cycled in the 

voltage range of 0.005–2.0 V. The cells were paused at 2 V for different 
holding times (50, 30, 15, and 5 h) every five cycles to illustrate SEI 
dissolution, and they were then subjected to further cycling [72]. The 
capacity increment after each pause indicated the formation of a new 
SEI layer at the anode surface to compensate for the dissolution of the 
former SEI layer via reduction reactions in the electrolyte solution. 
Therefore, the difference in the capacity before and after each pause can 
be used to quantify the SEI dissolution in each electrolyte. Notably, the 
D-2NE always exhibited a lower degree of SEI dissolution compared to 
that of BE. This can be attributed to the dendrite-free electrodeposition 
of K-metal as well as the ability of inorganic-rich chemical compounds to 
suppress the breakdown of the SEI layer during repeated plating/strip-
ping reactions. 

The important functions of the NaNO3 additive (D-2NE) in stabilizing 
the K-metal anode are illustrated in Fig. 6, compared to the function of 
BE based on comprehensive analysis. The positive effects of the NaNO3 
additive for enhancing the stability of K-metal anodes in carbonate 
electrolytes have been experimentally demonstrated in various electro-
chemical cells. Initially, the Coulombic efficiency (CE) of BE and D-2NE 
was evaluated in the K/Cu cells using the advanced method proposed by 
Zhang et al. [73]. The method is designed for obtaining reliable plati-
ng/stripping reactions of K-metal in K/Cu asymmetric cells by mini-
mizing the influence of the Cu substrate in the first electrodeposition 
reaction. Voltage–time plots of the K/Cu cells are presented in Fig. S13. 
The CEs values were calculated after 30 cycles using the following 
equation: 

CEavg =
nQC + QS

nQC + QT
(2)  

where a charge capacity (QT) of 4 mAh cm-2 was used to deposit K onto 
the Cu substrate that served as a K reservoir. Subsequently, 0.4 mAh cm- 

2 of this charge capacity (Qc) was used to cycle K between the working 
and counter electrodes for 30 cycles at a current density of 0.4 mA cm-2. 
After 30 cycles, a final exhaustive stripping of electrodeposited K-metal 
was performed at a cut-off voltage of 1.0 V for 100 h, and the corre-
sponding final stripping charge capacity (QS) was measured. D-2NE 
displayed an improved CE value of 90 % compared to that of BE (86.7 
%). From the K/Cu cells, we obtained the Nyquist plots at the 30th cycle 
and calculated the diffusion coefficient using the following equation 
[74,75]: 

DK+(diffusion coefficient) = R2T2/2A2n4F4C2∂2 (3)  

where R is the ideal gas constant; T is the absolute temperature; A is the 
surface area of the electrode; n is the number of electrons transferred; F 
is Faraday’s constant; C is the K-ion concentration; and ∂ is the Warburg 
constant. The DK+ values of BE and D-2NE are 1.5939 × 10− 7 cm2 S− 1 

and 3.01467 × 10− 7 cm2 S− 1, respectively. From the XPS data, it is 
believed that the improved DK+ of D-2NE can be attributed to the 
presence of ionically conductive Na3N as well as a larger fraction of K2O 
compounds in the SEI layer [63]. The cycling stability of K-metal anodes 
in BE and D-2NE were evaluated using symmetric K/K cells (with only 
one polymer separator) at a capacity loading of 4 mAh cm− 2 and a 
current density of 12 mA cm− 2, and the resulting data were compared in 
Fig. 7a. Even under an extremely high current density, the K/K cell using 
D-2NE demonstrated a long lifespan of over 1000 h (1500 cycles). In 
contrast, the cell using BE exhibited very unstable signals in the time-
–voltage plot from the beginning of the cycle and eventually faced a hard 
short-circuit after only 200 cycles with large polarizations. Compared to 
BE, surprisingly, D-2NE also showed the outstanding rate performance 
up to 5 C rate (20 mA cm− 2) in the symmetric K/K cell with capacity 
loading of 4 mAh cm− 2 (Fig. S14). 

The important discovery of this study involves dissolving the NaNO3 
additive and thereby enhancing the K-metal stability in high-voltage 
carbonate-based electrolyte. Therefore, the effectiveness of NaNO3 
was further tested in full-cells using a Prussian blue-type FeFe(CN)6 
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cathode at high-voltage. FeFe(CN)6 (FeHCF) was synthesized via a 
precipitation reaction [76]. X-ray diffraction patterns of FeHCF confirm 
that all diffraction peaks are indexed to cubic-phase PB analogs. The 
SEM images reveal the presence of nanoparticles possessing an average 
diameter of 20–40 nm. SEM and corresponding EDX mapping revealed 
uniform elemental distributions of Fe, N, and C in the nanoparticles 
(Fig. S15) [76,77]. Fig. 7b compares the electrochemical properties of 
FeHCF/K full-cells depending on the use of different electrolyte solu-
tions in the voltage range of 1.5–4.0 V (vs. K/K+) at a capacity loading of 
1 mAh cm-2. The full-cells delivered nearly identical 1st discharge ca-
pacities at 1 mA cm− 2 in both electrolytes. The full-cell with D-2NE 
exhibited a high discharge capacity of 60 mAh g− 1 and excellent cycle 
life over 600 cycles. In contrast, the full-cell with BE delivered low 
discharge capacity of 40 mAh g− 1 and poor cycling stability with un-
stable CE after 200 cycles (Fig. 7c). To understand the primary reason for 
the drastic differences in cycling behaviors, full-cells with different 
electrolytes were cycled 200 times and disassembled after the end of 
discharge (K-stripped state). The ex-situ XRD patterns of the cycled 
cathode obtained from full-cells indicated no change in the original 
crystal structure in either electrolyte (Fig. 7d). Conversely, the cycled 
K-metal anode indicates that the poor cycling performance of the 
full-cell in BE can be attributed to the degradation of cycled K-metal. 
This hypothesis is supported by SEM analysis of the cycled K-metal and 
cycled separator (Fig. 7e). In the case of BE, many pores in the cycled 
separator are blocked due to the internal short-circuit caused by den-
dritic growth of K-metal (see the cycled K-metal) during cycling. In 
contrast, the K-metal surface and cycled separator for the full-cell with 
D-2NE possessed a smooth surface. These observations clearly demon-
strate that D-2NE can effectively stabilize the K-metal anode in the 
full-cells by delaying the anode degradation, thereby yielding long-term 
cycling stability of KMBs. 

3. Conclusion 

In this study, we reported a significant discovery of dissolving NaNO3 
additives using DMA as a mediator solvent in a carbonate-based elec-
trolyte (0.5 M KPF6 in EC:DEC) for high performance KMBs. The 
reduction of NaNO3

− produced an ionically conductive SEI layer with the 
Na3N compound and altered the morphology of electrodeposited K- 
metal from dendritic fibers to spherical particles. These unique features 

contribute to lowering the nucleation potential of K+ and make K-metal 
highly resistant to dendrite formation, even at high current densities. By 
using NaNO3 additive in a carbonate-based electrolyte, the K-metal 
anode survived long-term cycling in both the K/K symmetric cell and 
high-voltage full-cells using the FeHCF cathode under high capacity 
loading and high current density. We believe that the proposed modu-
lation strategy of the carbonate-based electrolyte, facilitated by intro-
ducing the NaNO3 additive with a solubility mediator and provides new 
insights for improving the energy density and lifetime of KMBs. 

4. Experimental section 

4.1. Electrolyte preparation 

The KPF6 and NaNO3 salts were dried under a vacuum at 110 ◦C in a 
vacuum oven (Buchi). EC:DEC (volume ratio, 1:1; Dongwha Electrolyte 
Engineering) and DMA (Alfa Aesar) solvent were purified using 
vacuum–dried 4 Å molecular sieves over the course of 3 days. BE was 
prepared using 0.5 mol L− 1 KPF6 (TCI) dissolved in EC:DEC. The 0.02 M 
NaNO3 was dissolved in D–BE composed of BE:DMA (weight ratio, 
38.5:1). 

4.2. Preparation of the cathode 

FeHCF powder was synthesized using potassium hexacyanoferrate 
(K3Fe[CN]6, 99 %; Aldrich) and iron (III) chloride hexahydrate (FeCl3, 
99.9 %; Aldrich). A 50 mL volume of 0.1 mol L− 1 K3Fe(CN)6 aqueous 
solution was added to 100 mL of 0.1 mol L− 1 FeCl3 aqueous solution 
with stirring and then maintained at 60 ◦C for 6 h. After natural cooling 
to room temperature, a green precipitate was obtained by centrifuga-
tion, and it was washed several times with deionized water and dried in 
an oven at 80 ◦C overnight. The electrode was prepared by casting the 
active material (60 wt. %), Super P (30 wt.%), and the mixture of 10 wt. 
% poly (vinylidene fluoride) (PVDF, average Mw of ~534,000 by GPC; 
Aldrich) in a 1-methyl-2-pyrrolidone (NMP, 99.5 %; Daejung Chemicals) 
binder slurry (10 wt.%) on carbon-coated Al foil. The cathode was 
vacuum-dried at 70 ◦C for 12 h. 

Fig. 6. Schematic of the NaNO3 additive effect for the K-metal anode via an advanced SEI layer with higher mechanical and ionic conductivity.  
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4.3. Electrochemical measurements 

Electrochemical measurements were performed using 2032 coin 
cells assembled in an Ar-filled glove box (O2, H2O < 0.1 ppm). Sym-
metric cells were assembled with K-foil (15 mm diameter), polymer 
separator (Celgard 2400), and 100 μL of electrolyte. Each cell was 
measured under galvanostatic cycling conditions at a current density of 
12 mA cm-2 and capacity loadings of 4 mAh cm-2 using VMP3 (Biologic). 
Electrochemical impedance spectra (EIS) were obtained on an asym-
metric K/Cu cell in the frequency range of 1 MHz-1 mHz with a 
perturbation amplitude of 14.2 mV using VMP3 (Biologic). The full–cell 
of K-metal/FeHCF was conducted in the constant-current mode at a 
current density of 0.5 mA cm-2 and capacity loading of 0.5 mAh cm-2 

using TOSCAT in the voltage range of 1.5–4.0 V (K/K+). In addition to 
cycling performances, the rate performance was assessed at various 
current densities of 0.18, 0.54, 0.9, and 1 mA cm-2 and a capacity 

loading of 1 mAh cm-2. 

4.4. Characterization 

The solvated structure of the electrolyte was confirmed by NMR 
spectrometry (600 MHz, Agilent DD2 NMR). Field-emission scanning 
electron microscopy (Helios NanoLab 600) with EDX mapping verified 
the morphologies and elemental distributions of the K-metal anode and 
FeHCF cathode were confirmed by. Along with the SEM analysis, FIB 
(Helios NanoLab 600) was employed for cross-section of the electro-
deposited K on the Cu foil. Operando-Optical microscopy platform (VHX- 
7000) with customized cell using a Potentiostat (VMP3) captured den-
dritic growth of the K-metal anode. Compounds formed on the SEI layer 
were characterized via high-performance X-ray photoelectron spec-
troscopy (HP-XPS, K–LPHA+). AFM-based characterizations were per-
formed using a high-resolution AFM (HR–AFM) scanning probe 

Fig. 7. (a) Galvanostatic cycling performances for K/K symmetric cells at a current density of 12 mA cm− 2 and capacity loading of 4 mAh cm− 2 in BE and D-2NE 
using a single separator. (b) Charge-discharge voltage profiles of K/FeHCF full-cells in the voltage range of 1.5–4.0 V at a current density of 1 mA cm-2 and capacity 
loading of 1 mAh cm-2 in BE and D-2NE. (c) Cycling performances of the full-cells in the electrolytes corresponding to (b). (d) Ex–situ XRD patterns of the cycled 
FeHCF cathode obtained from K/FeHCF full-cells in Fig. 7c. (e) SEM images corresponding to cycled K-metal anodes and separators (polymer membrane) obtained 
from K/FeHCF full-cells in Fig. 7c for the (a) BE and (b) D–2NE. 
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microscope (Probes) in an Ar–gas–filled glovebox unless otherwise 
specified. Non-contact mode images of the surface morphology were 
obtained using silicon AFM tip–coated Al (PR-T190, Probes) at a typical 
scan rate of 0.5 Hz. The force curves of the samples were obtained in 
contact mode using a silicon probe–coated diamond (CDT-NCLR) with a 
spring constant of 7.2 N. Equation for calculating Young’s modulus was 
derived using the Hertz model from the references of Derjaguin et al. and 
Barthel et al.[69,70], as follow: 

F =
4
3

E
(
1 − θ2)

̅̅̅
R

√
(dmax − d)

3
2 − Fmax (4)  

where E, θ, d, F and R are respectively the Young’s modulus of the 
surface, the Poisson’s factor of the surface (0.5), adhesion distance, 
adhesion force and the curvature radius of the probe (ca. 10 nm), 
respectively, and the dmaxand Fmaxare point of maximal adhesion dis-
tance and adhesion force for retract curve. For the SEI dissolution test, 
Cu (19 mm diameter), K (15 mm diameter), PP separators (19 mm 
diameter, Celgard 2400), and 100 μL of electrolyte were cycled in the 
voltage range of 0.005–2.0 V at a constant current of 3 μA cm− 2. The K/ 
FeHCF full–cells were tested in the voltage range of 1.5–4.0 V at 1C (1 C 
= 120 mAh g-1) using a battery tester (TOSCAT). The morphologies of 
the cycled K, polymer separator, and structures of the cathode materials 
obtained from the cycled cells were observed by FE-SEM (Helios) and 
X–ray diffraction (XRD, Bruker). 

4.5. Multi-physics simulation 

The distribution of the current densities and concentration fields on 
the surface of the K electrode during the electrodeposition process was 
simulated using the finite element method in COMSOL Multi-physics. 
The local current density on the K electrode was determined using the 
Butler–Volmer equation, and it was influenced by the local concentra-
tion distribution, temperature, and electrochemical reaction rate. The 
concentration field of K-ion on the electrode surface, as determined by 
Fick’s second law in three dimensions, is given as: 

∂ck+

∂T
= D∇2ck+ (5)  

where D is the diffusion coefficient of K-ion in liquid electrolyte. The flux 
of K-ion in electrolyte is determined by the Nernst–Planck equation: 

N = − D∇ck+ − qk+ uk+ Fck+∇φ (6)  

where N is the transfer vector of species, ui is the ionic mobility, and φ is 
the electrolyte potential. During the electrodeposition process of K, the 
K-ions are reduced to K atoms, and this conversion process is described 
as: 

∂ck+

∂t
+∇⋅N→= 0 (7) 

The finite element simulation is conducted on a bulk K-metal model 
with an area of 50 µm × 50 µm and a thickness of 20 µm as presented in 
Fig. S5. A random roughness was built on the K electrode surface to 
simulate the initial morphology. Ultra-fine grid division with a grid size 
of 0.015 µm were applied to the model to obtain high-precision results. 

4.6. Computational methods 

Theoretical calculations of the HOMO–LUMO energy levels were 
performed using the Gaussian 09 package. Geometry optimization of the 
molecules was conducted using the closed-shell Per-
dew–Burke–Ernzerhof (PBE) generalized gradient approximation (GGA) 
method with the M06-2x/6-311+G(d,p) basis set [78]. To compute the 
minimum energy pathways (MEPs) using the nudged elastic band (NEB) 
method [79], we utilized the Vienna ab initio simulation package 
(VASP) [80–82] within the generalized gradient approximation (GGA) 

framework with the PBE function [83]. To enhance precision, the pro-
jection–augmented wave method (PAW) was employed to model the 
interactions between ions and electrons [84]. In this context, we 
considered 10− 6 eV and 0.02 eV/Å as convergence criteria for energy 
and force, respectively. For the calculations, a 400-eV energy cut off and 
an 8 × 8 × 1 k-point mesh with a 0.05 eV Gaussian convolution were 
employed. The selected structures (Na3N and Li3N) adhered to Pm-3m 
and P6/m mm space-group symmetries, respectively [85]. 
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