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Visualizing the growth process of sodium
microstructures in sodium batteries by in-situ
2Na MRI and NMR spectroscopy
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The growth of sodium dendrites and the associated solid electrolyte interface (SEI) layer is a critical and fundamental issue influ-
encing the safety and cycling lifespan of sodium batteries. In this work, we use in-situ 22Na magnetic resonance imaging (MRI)
and nuclear magnetic resonance (NMR) techniques, along with an innovative analytical approach, to provide space-resolved
and quantitative insights into the formation and evolution of sodium metal microstructures (SMSs; that is, dendritic and mossy
Na metal) during the deposition and stripping processes. Our results reveal that the growing SMSs give rise to a linear increase
in the overpotential until a transition voltage of 0.15V is reached, at which point violent electrochemical decomposition of the
electrolyte is triggered, leading to the formation of mossy-type SMSs and rapid battery failure. In addition, we determined the
existence of NaH in the SEl on sodium metal with ex-situ NMR results. The poor electronic conductivity of NaH is beneficial for

the growth of a stable SEI on sodium metal.

in recent years due to the abundance and low cost of sodium

resources. A sodium metal anode provides a high theoretical
specific capacity of 1,165mAh g™ and a low voltage of —2.71V ver-
sus the standard hydrogen electrode, which makes it an ideal anode
material for sodium batteries. Nevertheless, the formation of sodium
metal microstructures (SMSs), that is, dendritic and mossy-like Na
metal, and the associated accumulation of a solid electrolyte inter-
face (SEI) layer restrict its practical applications. Organic electro-
lytes are easily decomposed to form a thick and loosely packed SEI
layer on the surface of Na metal during cycling. As a result, uneven
Na nucleation and electrodeposition accelerate the growth of SMSs,
which in return generate large amounts of new interfaces and the
growth of a new SEI', which eventually leads to battery failure and
even short circuiting.

To address these issues, diverse strategies have been devel-
oped, including modifying the interfacial layer® and employ-
ing well-designed three-dimensional hosts and solid-state
electrolytes**. However, the growth of SMSs is a transient process,
and it is difficult to characterize SMSs by conventional post-mortem
analytical methods. In-situ optical spectroscopy has been applied
to provide direct observation of the evolution of Na deposition and
gas evolution’, but the chemical components and space-resolved
characterization could not be obtained. Although in-situ electron
microscopy can provide chemical information and high-resolution
images, the influence of the electron beam on the fragile Na den-
drites should be addressed®.

Recently, nuclear magnetic resonance (NMR), a non-destructive
and quantitative technique, has been applied to study the interface

f odium-based batteries have attracted a great deal of interest

between the anode and the electrolyte™''. NMR can distinguish
the signals of metal microstructures on the surface from those in
the bulk because the radiofrequency fields can only penetrate to
a limited depth in the metal sample (the skin-depth effect)'’. For
the Li metal anode, in-situ "Li NMR has proved to be a powerful
method to monitor and quantify the growth of Li metal micro-
structures'>. Moreover, ‘Li magnetic resonance imaging (MRI)
with space-resolved capability has been employed to monitor
the morphologies of the deposited Li metal'>'. Since Na metal is
more reductive than Li metal, deposited Na metal has a thicker
SEI layer and a rougher morphology'>-"”. Moreover, the deposition
behaviour of Na metal is more complex than that of Li metal. The
growth and evolution processes of sodium microstructures, along
with their impact on electrochemical performance, are far less well
understood. Although the correlation between growth of metal
microstructures and the SEI for both Li and Na metals has been
emphasized in previously reported work'®’, a quantitative investi-
gation of the composition and corresponding growth kinetics of the
SEI layers is still lacking.

Here, we report the use of a combination of different charac-
terization techniques, including in-situ MRI and operando NMR
spectroscopy, together with high-resolution NMR, scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS) and electrochemical tests, to offer an in-depth understand-
ing of the intrinsic correlations between the evolution of SMSs,
the compositions of SEIs and their corresponding electrochemical
features. Through in-situ ?Na MRI, we provide information about
both the spatial distribution and the morphological evolution pro-
cess of SMSs. By employing an innovative analytical approach in
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Fig. 1| Electrochemical performances and morphologies of Na metals cycled with different electrolytes. a, Coulombic efficiencies of Na|| Cu cells cycled
with a capacity limit of 0.5mAhcm=2at 0.5mA cm-2using 1M NaClO,/PC with 2% FEC (F2) and without FEC (FO) electrolytes. b, The corresponding
absolute value of deposition voltages for Na deposit on the Cu foil. Error bars come from different cells for each electrolyte. ¢, Long-term cycling of Na|| Na
cells using FO and F2 electrolytes, with a capacity limit of TmAhcm=2 at 0.5mA cm~2 d, The interfacial resistance (R)) and ohmic resistance (R,) for the
Na || Na cells using F2 and FO electrolytes. The data points are fitted by a single line to better show the trend of the increase. e f, SEM images of Na metal
after 50 cycles with 0.5mAhcm=2 at 0.5 mA cm=2 without (e) and with (f) 2% FEC.

processing the operando 2*Na NMR data, we observe a clear correla-
tion between the amounts of SMSs and the Na deposition overpo-
tential. We also find NaH as an unexpected species in the SEI layers
on Na metal.

Electrochemistry and deposition morphology

In the current study, two contrasting stripping and deposition
behaviours are selected (Supplementary Fig. 1) by employing 1 M
NaClO,/propylene carbonate (PC) with 2% fluoroethylene carbon-
ate (FEC) (abbreviated as F2) and without FEC (F0) electrolytes.
In Na|| Cu cells, the cell with FO electrolyte (the FO cell) presents
a very poor Coulombic efficiency (CE) below 10%, while the F2
cell yields a much higher CE of 88% in the first cycle, and its CE
then stabilizes in the following cycles (Fig. 1a). The F2 cell shows
a stable deposition voltage at around 0.05V, indicating that a sta-
ble interface layer is formed (Fig. 1b). In contrast, the deposition
voltage of the FO sample increases from 0.05V to 0.15V during the
first ten cycles, then stabilizes at around 0.15V during the 10th to
30th cycles. Afterwards, an accelerated voltage increase to 0.35V
at the 50th cycle is observed. The results demonstrate that the
fajlure mechanism of FO may be divided into three stages, and the
plateau at around 0.15V is highly correlated to the consumption of
electrolyte. The cell with more electrolyte shows a longer plateau
(Supplementary Fig. 2).

Na || Na symmetric cells further indicate the contrast between FO
and F2 cells (Fig. 1c)’. The overpotential of the FO cell increases dra-
matically during the initial cycles, and reaches 1 V only after 81 h of
cycling. The F2 cell could cycle for more than 960 h with a constant
overpotential, suggesting that a stable interface is generated with the
addition of FEC, as evidenced by the electrochemical impedance
measurements (EIS) and SEM results (Fig. 1d). For the F2 sample,
the interfacial resistance (R;) and the ohmic resistance (R,) remain

almost constant during cycling. For the FO sample, R, increases
gradually from 137.6 to 1,921.0Q, indicating a continuous accumu-
lation of SEI and dead Na metal. R, shows a notable increase after
10 cycles, verifying a large consumption of electrolytes in this stage.
SEM images show a non-uniform and dendritic morphology when
using FO electrolyte (Fig. le). In sharp contrast, the F2 electrolyte
leads to compact and uniform deposition of Na (Fig. 1f). As men-
tioned above, adding FEC provides a unique way to model, with
uniform Na deposition and therefore good performance, offering a
striking contrast to the FO system.

In-situ Na MRI study

How SMSs grow and evolve is closely related to battery failure.
Here, we use the in-situ one-dimensional (1D) »*Na MRI tech-
nique to characterize the cross-sections of SMSs in Na||Cu cells,
and to detect Na distribution during cycling in a non-destructive
way. Benefiting from the different chemical shifts of Na metal
(~1,130 ppm) and the SEI components (~0ppm), *Na MRI can be
used to monitor the morphology of Na metal without interference
from the SEI signal, thereby obtaining images of Na metal during
cycling. Details of the in-situ MRI and operando NMR experiments
are presented in Supplementary Fig. 3.

In this study, we adopt the Na|| Cu cell configuration for MRI
study, which allows us to directly observe the evolution of the
electrochemistry-related sodium metal microstructures on the cop-
per substrate, by avoiding interference from the bulk sodium metal
signal. Figure 2 shows Na MRI images of the Cu substrate in the
first cycle of Na|| Cu cells with FO and F2 electrolytes. The images
show the distribution of Na metal along the cross-section. After
deposition, the Na metal signal was observed on the Cu foil for both
electrolytes. The intensity of the Na metal signal for the cell with
F2 electrolyte is lower than for F0. Since the cells were all limited to
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Fig. 2 | In-situ 2>Na metal MRI images of the Na || Cu batteries during the first cycle in FO and F2 electrolytes. a-d, We referenced the distance against the
Cu current collector as O mm. The insets of a and b show the SEM images of the deposited Na metal on the Cu foil after first discharge (that is, deposition).
The insets of ¢ and d are digital images of glass fibre after the first charge (that is, stripping).

the sample capacity, we would assume that the same amount of Na
metal is deposited onto the Cu substrate. The lower intensity of the
F2 sample is probably due to the issue of NMR skin depth and the
results indicate that the F2 sample has a smaller specific surface area
of deposited Na metal. The results are verified by SEM images. As
shown in the insets of Fig. 2a,b, the Na metal deposited on the Cu
foil with the F2 electrolyte yields larger sized particles, which leads
to a smaller specific surface area. After stripping, MRI results show
that the Na metal signal vanishes on the Cu foil with F2 electro-
lyte, indicating that the deposited Na metal is completely stripped
(Fig. 2d). In the FO sample, however, a strong signal from 0.09 mm
to 0.18 mm is observed after stripping, indicating that most of the
deposited Na metal is disconnected from the current collector and
forms the dead Na metal (Fig. 2c). It worth noting that the digital
optical image (Fig. 2, inset) shows that the dead Na metal is mainly
attached to the glass fibre, rather than remaining on the Cu foil. A
similar result was also observed for the Li metal anode by operando
optical spectroscopy”'.

Figure 3a,b shows the *?Na MRI images acquired at the end of
the charge in the different cycles with FO and F2 electrolytes, respec-
tively. At the Na metal anode side (0.45mm), the intensities of the
Na metal signals for both electrolytes barely change as a function
of cycling. For FO electrolyte, the Coulombic efficiency of the cell is
low, thus only a small amount of SMSs are formed on the Na metal
and the intensity is difficult to be observed due to the strong Na
metal signal. For the sample cycled in F2 electrolyte, smooth depo-
sition is observed and so the formation of SMSs is much less. Of
note is that the images were collected at the stripped states, thus
the observed Na metal signals on the Cu foil are attributed to the
dead SMSs. For F2, no Na metal signal is detected on the Cu foil
after 15 cycles (Fig. 3b), indicating a highly reversible deposition/
stripping process. For FO, on the other hand, the signal intensity of
the dead Na metal increases and broadens over time, indicating a
continuous expansion of SMSs (Fig. 3a). The MRI results also sug-
gest that accumulation of the dead SMSs is continuous and cannot
be reversed. The accumulation of SMSs would hinder the migration
of Na* ions to the surface of Cu, and that increases the deposition
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overpotential at a constant rate, as shown in Supplementary Fig. 5.
Of note is that the space-resolved MRI images for the FO electrolyte
show that the dead SMSs first emerge at a position away from the
Cu foil (at 0.18 mm) at the 1st charge state (Fig. 3a), and then grow
bilaterally with cycling. They start to be parasitic on the Cu foil (at
0.09mm) at the 5th charge state, and grow into the inside of the
electrolyte (at 0.27mm) at the 10th charge state. Consequently, a
dead Na metal layer on the Cu foil ranging from 0 mm to 0.36 mm
is formed at the 15th charge state. The thickness of the dead Na
layer is further confirmed by SEM, as shown in Supplementary
Fig. 9. To illustrate the process for FO clearly, we divide the process
into three stages. During the initial cycles (stage I), the morpholo-
gies of the deposited Na metal are more likely to be dendritic, the
bottom part of which would dissolve upon stripping”, generating
dead Na metal away from the Cu foil. After five cycles (stage II),
severe decomposition of the electrolyte is likely to take place in this
process (the deposition overpotential at this time is greater than
0.15V, as shown in Supplementary Fig. 5). The electrolyte prefers to
decompose at the tip of the Na metal, due to its higher local current
density and larger ionic concentration gradient®, which generates
a large number of decomposition products that accumulate at the
tip. These products would inhibit growth of the Na metal along the
axial direction, producing more branches and leading to mossy-like
SMSs that are parasitic on the Cu foil**. In stage III, the formation of
such new, mossy-like SMSs pushes the previously generated SMSs
outward from the Cu foil. A porous dead Na metal layer eventu-
ally forms and blocks the transport pathway for Na* ions, causing
a continuous increase in deposition overpotential (Supplementary
Fig. 5). Therefore, we consider the overpotential as an important
indicator of the operating condition of Na batteries.

Operando 2Na NMR and quantitative insights

We now study the influence of the formation of SMSs on the sub-
sequent electrochemical performance using an operando NMR
experiment on the Na||Na symmetric cells, which allows us to
gain quantitative information. The Na||Na symmetric cells used
for NMR study present similar electrochemical performances to
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Fig. 3 | In-situ 22Na metal MRI images of the Na || Cu batteries. a,b, The MRI experiments performed with FO (a) and F2 (b) electrolytes at different
charging states. The surface of the Cu foil is referenced as O mm and the Na metal anode is located 0.45 mm away from the Cu foil. The gap between Na
and Cu is filled with glass fibre soaked with electrolyte. The contour plot shows the signal intensity of the Na metal with a chemical shift around 1,130 ppm.
The representative one-dimensional 2Na MRI spectra are shown in Supplementary Fig. 4.

Na|| Na symmetric coin cells, as shown in Fig. 4a. It should be noted
that the increasing intensity of the Na metal signal with cycling is
ascribed to the formation of SMSs according to the skin-depth
effect (see Supplementary Discussion)®.

Figure 4b,c presents the evolution of the ?Na NMR shift of Na
metal cycled in FO and F2 electrolytes, respectively. Figure 4d shows
the corresponding normalized integral area of the Na metal sig-
nal as a function of cycle time. For F2 electrolyte, the integral of

the Na metal with Na NMR signal centred at 1,125 ppm remains
constant during cycling, indicating smooth deposition of Na metal,
which is consistent with the MRI results. For the FO electrolyte, on
the other hand, asymmetric broadening emerges downfield upon
cycling, which can be assigned to SMSs instead of bulk Na metal
(Supplementary Fig. 6). Interestingly, this asymmetric broadening
in line shape seems to be less visible in the MRI spectra, which is due
to the different signal sources and battery configurations of MRI
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Fig. 4 | The growth of SMSs observed by operando NMR. a, Galvanostatic cycling voltage profiles of Na || Na symmetric operando cells cycled with FO
(blue) and F2 (red) electrolytes. b,c, Operando NMR spectra of Na || Na cells with FO (b) and F2 (¢) electrolytes. d, Normalized integral area of Na
metal signal (from 1,100 ppm to 1,200 ppm) from operando NMR spectra versus the cycle time. The representative 2Na spectra are presented in

Supplementary Fig. 6.

and operando NMR experiments. Further discussion is included in
Supplementary Fig. 7. Figure 4d shows that the overall integral area
of Na metal signals over 1,100-1,200 ppm increases markedly with
cycle time for the FO electrolyte, demonstrating the formation and
continuous growth of SMSs. Note that the amount of SMSs and the
corresponding cell overpotential have a similar trend with cycling.
As the cycle time increases, both the overpotential and the amount
of SMSs increase for the F0 electrolyte, while no change is observ-
able for F2, as shown in Fig. 4a,d. Accordingly, we believe that the
overpotential and the formation of SMSs are highly correlated.

To validate this hypothesis, the rate of increase of the overpoten-
tial (Ry) and the rate of growth of the SMSs (R,) are calculated using
equations (1) and (2):

dv
= 1
Ry I (1)
ds
= 2
Rs T (2)

where V'is the overpotential and S is the integral area of the Na metal
peak in the Na NMR. R, and R; are plotted against cycle time, as

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

shown in Fig. 5b,d. While R, and R are ~0 for the cell cycled in F2
electrolyte, the cell cycled with FO electrolyte shows richer features,
with R, increasing exponentially, whereas R, oscillates upon cycling.
This behaviour reflects the oscillatory trend of the growth rate of
the SMSs. The results further suggest that the growth of SMSs can
be divided into three stages, in accordance with the in-situ MRI
results shown in Fig. 3b. The correlation between the overpotential
and the SMS content can be obtained by combining Fig. 5a,c, as
shown in Fig. 5e. The curve shows an exponential growth trend,
which includes three stages in accord with the evolution of R, and
R, values.

In stage I, data points fall into a linear plot when the deposition
overpotential is below 0.15V. In stage II, the linear plot becomes
curved upwards, which indicates an increase in the slope of the
curve. According to equations (1) and (2), the slope of the curve (k)
can be calculated with the following equation:

_dV Ry

k
dS Rg

(3)

Therefore, an increase in slope indicates a rising R/R; value,
deriving from an increase in R, and a reduction in R,, as shown
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Fig. 7 | The correlation between overpotential and SMSs with two
contrasting SEI features derived from FO and F2 electrolytes, and the
corresponding morphological evolution schematics. a, Overpotential
versus cycle time for F2 and FO electrolytes in the Na|| Na cells. Data
extracted from Fig. 1c. There is a critical transition voltage of around 0.15V
for both two-model electrolytes. b, For FO electrolyte, the SMSs tend to
be dendritic below the transition voltage (stage I). ¢, When exceeding the
transition voltage (stage Il), serious electrochemical decomposition of
electrolyte is triggered, which results in a change in the surface morphology
of the Na metal, which accelerates the depletion of electrolytes. Then,
exhaustion of the electrolyte leads to fast growth of SMSs and quickly
shuts down the battery (stage lll, not shown in the schematic). The F2
model (with FEC additive) forms an electronically insulated SEI with
minimal electrolyte decomposition. The overpotential remains below

the transition voltage, thus extending the period of stage | and achieving
almost 1,000 hours of cycling time.

in Fig. 5b,d. The increased value of k is likely to arise from the
accumulation of highly resistive SEI components, as a larger
overpotential is needed for SMSs formation. The results also infer
that violent electrochemical decomposition of the electrolyte
takes place in stage II, which consumes a large amount of the
Faraday current. Thus, at a given current density, these parasitic
reactions slow down the growth of SMSs. In stage III, as the elec-
trolyte is depleted, both R, and R, increase and the k value increases
more dramatically.

The impact of the SEI

The results above have emphasized the importance of avoiding
continuous electrolyte decomposition, which is strongly related to
the properties of the SEI layers, especially the ionic and electronic
conductivities®*. We employed solid-state NMR and XPS to quali-
tatively and quantitatively characterize the SEI layers for Na metal
cycled in both FO and F2 electrolytes. Supplementary Fig. 10 shows
the C 1s and F 1s XPS spectra of Na metal after 50 cycles in the
Na||Na cells with FO and F2 electrolytes. The results indicate that
a larger amount of organic components are produced in FO, as evi-
denced by strong signals in the C 1s spectra. On the contrary, the
inorganic component NaF is only observed for the F2 electrolyte, in
the F 1s spectrum.
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To quantify the SEI components, *Na magic-angle-spinning
(MAS) NMR spectra were measured on the surface species col-
lected from the Cu foil after 50 cycles (Fig. 6a). The spectrum of
the FO sample shows a sharp peak at 18.8 ppm and a broad peak at
around —11.0 ppm, whereas the spectrum of the F2 sample shows
an extra peak at 7.2ppm. The peaks at 7.2ppm and 18.8 ppm are
assigned to NaF and NaH, respectively, on the basis of their distinc-
tive chemical shifts. The assignment is further confirmed by mea-
suring the Na NMR spectra of the model compounds, as shown
in Fig. 6a. 'H—*Na cross-polarization magic-angle-spinning
(CPMAS) experiments were carried out to distinguish the organic
components from the inorganic components, as shown in Fig. 6a.
In the CPMAS experiment, magnetization from 'H is transferred
to 2*Na via dipole-dipole interaction, thus, only the organic com-
ponents containing sodium and NaH can be observed. Therefore,
we can deconvolute the single-pulse 2*Na MAS spectra of the SEI
into organic and inorganic components on the basis of its features
in the '"H—*Na CPMAS spectra (Fig. 6a), and quantify each SEI
component (Fig. 6b). Comparing F2 with FO electrolyte, the pro-
portion of organic components declines from 62 at.% to 39 at.%,
while the proportion of inorganic components rises from 27 at.%
to 61 at.%. Note that within the increased amount of inorganic SEI
species in the FEC sample, only 7 at.% comes from NaF, the remain-
ing inorganic SEI can be Na,CO; (ranging from10 ppm to —40 ppm,
Supplementary Fig. 8) and NaO, (—23 ppm)?’.

The reduction in organic components and increase in inorganic
components is highly relevant to the excellent long-term cycle per-
formance and stable impedance for Na metal batteries with F2 elec-
trolyte. The ionic and electronic conductivities of the components
in the SEI layers are also investigated by **Na spin-lattice relaxation
time (T;) NMR measurements and theoretical calculations, respec-
tively (Supplementary Table 1). The T, value of the broad *Na NMR
peak at —11.0 ppm, which corresponds to Na in a combination of
organic and inorganic species, is ~10ms, the lowest value amongst
the peaks. This implies the highest Na mobility amongst these spe-
cies’. The peak includes the resonances attributed to both organic
and inorganic components, as shown in Fig. 6a, which are difficult
to deconvolute and are therefore analysed together. The T, value of
the NaF signal at 7.2ppm is ~5s, indicating sluggish Na mobility,
which is responsible for the large interfacial impedance in the cell
with the F2 electrolyte after the first cycle (Fig. 1d) and a greater
nucleation overpotential for Na deposition (Fig. 1b). Moreover,
NaH shows a T, value of ~7s, which indicates an even slower ionic
mobility than that of NaF. The T, results verify that the existence of
NaF and NaH hinders Na* ion transport at the interface. In addi-
tion, the band gaps of NaH and NaF, which are determined by our
first-principle calculations, are shown in Supplementary Fig. 12.
The NaF and NaH present large band gaps of 6.08eV and 4.04¢V,
respectively, which hints at their poor electronic conductivity. The
NMR spectra and calculation results suggest that NaF and NaH
can passivate the Na metal and prevent further decomposition of
the electrolyte. In summary, a certain amount of these inorganic
components in the SEI layers would slow down the overpotential
increase, thus keeping the system below the transition voltage for
enhanced electrochemical performance.

We also evaluate a feasible formation mechanism for NaH by
calculating the formation energy, as shown in Supplementary Table
2. The sodium metal may react with hydrogen gas, and/or some
sodium-based hydrated compounds, to form NaH, which is consis-
tent with previous calculation results®. Although the role of NaH in
the SEI layer is not fully understood, its existence as an electronic
insulator seems to be a positive factor for battery performance. Full
clarification of the components of the SEI will undoubtedly enhance
our understanding of interfacial chemistry and the corresponding
performance, such as identification of LiF*’ and cross-linked PEO
type polymer”, in lithium-ion batteries.
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Conclusions

We have shown a combination of approaches, including in-situ MRI
and operando NMR techniques, to illustrate a space-resolved and
quantitative analysis of the growing process for SMSs. An innova-
tive analytical approach is exploited to process the in-situ NMR
data, which yields a mathematical understanding of the correlation
between the rate of increase of the deposition overpotential and the
content of the SMSs. We found that the deposition overpotential is a
good indicator of the severity of electrolyte decomposition, as sum-
marized in Fig. 7, which clearly demonstrates a critical transition
voltage of around 0.15V for both two-model electrolytes. Therefore,
controlling the overpotential below the transition voltage is neces-
sary for achieving long-term stable cycling. Alternatively, elevating
the transition voltage by adjusting the solvent and sodium salt can
also be an effective pathway to pursue long-term cycling beyond
controlling the overpotential, such as employing a high concentra-
tion of electrolyte to reduce the reactivity of the solvent.

Notably, we observe the formation of NaH. The low electronic
conductivity of NaH blocks continuous reaction between the elec-
trolyte and the sodium metal.

Our work validates the capabilities of magnetic resonance
techniques for providing in-situ quantitative spatial and chemical
information for the battery system. It is applicable to future study
of deposition and stripping behaviours of alkali metal anodes and
identification of surface species in diverse electrolyte systems,
including all-solid-state batteries.

Note added in proof: During the peer review stage of the manu-
script, we became aware of a study showing sodium microstructures
by #*Na MRI technique™.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
s41565-020-0749-7.
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Methods

Electrochemical test. The Na || Na and Na || Cu coin cells, of CR2025 size, were
assembled in an argon (Ar)-filled glove box. A solution of 1.0 M NaClO, in

PC, with and without 2 vol% FEC, was applied as the electrolyte. Galvanostatic
electrochemical measurements were conducted on a LAND CT-2001A battery test
system at 30 °C. The EIS measurements were performed in the frequency range
10°-10~' Hz with a potential perturbation of 10mV.

Characterization. The morphologies of the Na metal anodes and corresponding
Na deposits were characterized by SEM (on a HITACHI S-4800) operated

at 10.0kV. All samples were protected with Ar in the transfer process. XPS
measurements were performed with a PHI-5000 Versa Probe II spectrometer
(ULVAC-PH]I, Inc., Japan) with monochromatic Al Ka radiation (1,486.6eV),
operating at 23.2W and 16 kV with a beam spot size of 100 pm and in a vacuum
of <108 Torr. The cells were disassembled and stored in a glove box under Ar.
All samples were protected with Ar in the process of transfer. First-principles
calculations were implemented using the Vienna Ab-initio Simulation Package,
and projector augmented wave method with the Perdew—Burke—Ernzerhof
functional. K-points sampling was 5X 5 5 A* and the plane-wave basis cut-off was
500eV. Cell parameters were optimized first with a 0.01eV A~ force convergence
criterion. The total energy convergence criterion was 10~*eV for all calculations.

Magnetic resonance. Magnetic resonance imaging. The 1D *Na MRI spectra were
acquired using a Diff50 probe head with a home-made MRI battery. The schematic
of the MRI battery is shown in Supplementary Fig. 3. A 5X 5% 0.1 mm’ sodium
metal disk and 5x5x 1 mm?® Cu disk were used to assemble the Na || Cu MRI
batteries, which cycled with 0.5mAhcm™ at 0.5mA cm™. All MRI experiments
were carried out on a Bruker Avance III 400 MHz spectrometer operating at

105.6 MHz for *Na under a gradient strength of 9.8 Tm™". A total of 14 slices

of 1D spectra with successive offset were acquired for every charge state, then
reconstructed into two-dimensional spectra. The 1D spectra were obtained with a
/2 pulse of 22.5 s, recycle delay of 0.1s and 5,120 transients. Detailed information
for the pulse program is shown in Supplementary Fig. 11. For the last pulse, high
power and small angle were used to obtain uniform excitation in a wide range. The
phase cycle was used to eliminate the unwanted signals excited in the last pulse.
The total experimental time for MRI was 2h 54 min.

Operando NMR. Operando NMR experiments were performed on a home-made
in-situ probe head and operando cell. The schematic of the operando cell is
presented in Supplementary Fig. 3. Sodium metal disks of 5X 5x 0.1 mm?®

were used to assemble the Na || Na symmetric battery. A solution of 1 M

NaClO, in PC with and without 2% FEC was used as the electrolyte, and glass
fibre was as the separator. The operando batteries were cycled with a current
density of 0.5mA cm~ and the area capacity of 0.5 mAhcm=. Hahn-echo with a
/2 pulse of 7.2 ps and recycle delay of 0.1 s was applied to acquire the 1D

static spectra, with an interval time of 3,600s. Every single spectrum required
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102s. The total experimental time for FO and F2 electrolytes was 70h and
100h, respectively.

Ex-situ NMR. Na|| Cu cells were disassembled after 50 cycles. Cu foil was washed
with anhydrous dimethyl carbonate three times and dried overnight under vacuum
in the glove box. The SEI was collected from the Cu foil and transferred into the
2.5-mm rotor and sealed with a Vespel cap. All ex-situ NMR experiments were
performed on a Bruker Avance III 400 MHz spectrometer with a 2.5-mm probe head
under spinning rates of 25kHz. The *Na single-pulse experiment was performed
with a n/4 pulse length of 2.0 ps and a repetition times of 10s to ensure quantitative
analysis. The *Na spin-lattice relaxation time (T,) measurements were conducted
using saturation recovery experiments. The 'H-*Na CPMAS NMR was performed
with a contact time of 0.6 ms and SPINAL-'H decoupling at 70.0kHz. The *Na
chemical shifts were externally referenced to 1 M NaCl aqueous solution (0 ppm).

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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