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Supplementary Figure 1 | Lab-made NaFSA/TMP solutions and their structural
information. a, A photo image of various concentrations of NaFSA/TMP solutions. b,
Calculated percentage of free-state TMP solvents and aggregate-state FSA™ anions in different
concentrations of NaFSA/TMP solutions obtained from DFT-MD simulations. Detail
coordination information is shown in Supplementary Fig. 2.
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Supplementary Figure 2 | Coordination environment of Na™ to solvents and anions in
different concentrations of NaFSA/TMP solutions. a,c,e, Na™ coordination numbers to TMP
molecules; b,d.f, Na" coordination numbers to FSA™ anions. The coordination numbers are
average values during all DFT-MD simulation time of 10 ps (100,000 steps x 0.1 fs interval).
All TMP molecules and FSA™ anions are labeled with identity numbers.
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Supplementary Figure 3 | Raman spectra of the NaFSA/TMP solutions. Raman spectroscopy
measurements were carried out on a NRS-5100 spectrometer with an exciting laser of 514 nm.
The samples were examined in a quartz cell, which was sealed in the glove box without any
contamination of air. Pure TMP solvent and NaFSA powder were used as references. Clearly, as
the concentration increases, the FSA™ band shows a remarkable upshift. This typical feature
evidences the intensified cation-anion association in the concentrated electrolyte via the
formation of contact ion pairs and aggregate clusters as generally observed in the lithium ion

concentrated electrolytes.!™
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Supplementary Figure 4 | 70O and 3'P NMR spectra of the NaFSA/TMP solutions. The
samples were sealed in a glass tube and tested on a JNM-ECX400 spectrometer at room
temperature. The '’O NMR spectra were collected at a frequency of 54.2 MHz, using '’O NMR
of pure water as reference (0 ppm). The *'P NMR spectra were collected at a frequency of 161.8
MHz, using 3'P of 85% H3POj4 as reference (0 ppm). For TMP molecules coordinated to Na*
cation, both '’O and *'P peaks move towards upfield (1.0 M vs pure TMP), showing a shielding
effect. As the salt concentration increases, these chemical shifts further move towards upfield,
evidencing the strengthening interaction between TMP molecules and Na* cations. Similar

phenomena was also observed in the electrolyte of LiIFSA/DME.>
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Supplementary Figure 5 | Identification of the passivation film generated in the
concentrated electrolyte by XPS spectra. a-c are Fls, N1s and S2p spectra of the hard carbon
electrode cycled in 3.3M NaFSA/TMP electrolyte, respectively. The F1s spectrum indicated the
presence of NaF in the passivation film and the absence of residual NaFSA salt on the electrode
surface. The N1s spectrum at ~398.3 eV revealed that nitrogen is in a negatively charged state
in the passivation film, which rules out the possibility of some nitrite, nitrate or azide. NasN is
also impossible because it is unstable at room temperature. Because the N-containing component
comes from the reduction of NaFSA, we ascribed it as a sodium sulfur oxynitride (NaSON)
based on three reasons: (1) the structure of NaSON resembling with that of NaFSA; (2) the
detected binding energy of S2p (~398.3 eV) close to that of NaFSA (400.0 eV); (3) the detected
Nls peak with an asymmetric feature in accord with that of lithium phosphorous oxynitride
(LiPON) whose nitrogen has two kinds of local chemical environments.® While only one paper
of sulfur oxynitride has been reported thus far with little structural information,” a further
confirmation of this assumption is needed in future. The binding energy of S2p distributes in the
range of 159~170 eV (referring to various chemical valences), indicating a complicated
reduction of NaFSA. Considering the main elements of Na, S, O, N and F, the S-containing
components possibly include NaSON, Na:S, S, Na2SO3, Na2SO4, Na2SOs, Na2S203, Na2S204,
Na2S20s, Na2S206, Na2S207, Na2S20s, polysulfide (Na2Sa+1, n>1) and polythionate (Na2Sn+20s,
n>1). Na2SOs and Na2S20s are strong oxidizing agents, which cannot be compatible with the
highly reducing environment. Na2SO3, Na2S204 and Na2S207 are ruled out based on the FTIR
results (see Supplementary Fig. 6). Combing the results of XPS and ATR-FTIR spectra, the S-



containing compounds can be ascribed to be a composite of NaSON, Na2S20s, Na2S203, NaxS
and S. The peak at ~168.7 eV could be contributed by the NaSON component. The content of
Naz2S0s4 is small if any. Right now, the possibility of Na2S20¢ cannot be ruled out because we
have no FTIR and XPS data of it. Polysulfide (Na2Sn+1, n>1) and polythionate (Na2Sn+206, n>1)
are also possible, which could be regarded as the combination of sulfur (S) with sodium sulfide
(Naz2S) or sodium dithionate (Na2S206). XPS spectra of various references were shown, including
of NaF (>99.0%), NaxS (>97%), Na2S203 (>99.0%), S (>99.99%), Na2S20s5 (>99.0 %) and
NaxS04 (>99.0 %), which were all purchased from Sigma-Aldrich.



Na28205

Na28203

NaZSO A

Na,S,0. N/

o\

s N

Na. S

2

Transmittance / a.u.

T T T T T 1
1600 1400 1200 1000 800

|
Wavenumber / cm

Supplementary Figure 6 | Identification of the passivation film generated in the
concentrated electrolyte by ATR-FTIR spectra. ATR-FTIR spectrum was obtained on the
reductively polarized Cu foil (to 0.01 V) in the 3.3 M NaFSA/TMP electrolyte. Here the
polarized Cu foil was used because (1) our ATR-FTIR spectroscopy cannot get any IR signal
directly from the black hard carbon electrode and (2) it has an essentially identical passivation
film with that of the cycled hard carbon electrode (see Supplementary Fig. 7). Various pure
sulfur-compounds are used as references. The ATR-FTIR result suggests the presence of
Na2S205 and Na2S203 and the absence of Na2S207 and Na2SOs in the passivation film. Moreover,
Na2S204, which has a very strong infrared absorption peak at 912 cm™! (obtained from an IR
database®), can be ruled out as a component of the passivation film. Na2SO3 (>99.0%) was
purchased from Sigma-Aldrich. Na2S207 was synthesized by vacuuming NaHSO4.H20 (>99.0%,
Sigma-Aldrich) at 200 °C for 10 hours.
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Supplementary Figure 7 | XPS spectra of Cu foils after a reductive polarization in the
NaFSA/TMP electrolytes. These XPS spectra show very similar with those of cycled hard

carbon electrodes, indicating that the polarized Cu foil has an essentially identical passivation
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Supplementary Figure 8 | C1s XPS spectra of pristine and cycled hard carbon electrodes
with/without Ar* sputtering. a, pristine hard carbon electrode. b,c, cycled electrodes in the 1.0
M NaFSA/TMP electrolyte. d, cycled hard carbon electrode in the 3.3 M NaFSA/TMP
electrolyte. According to the SEM image (Fig. 4b in main text), the reduction products of 1.0 M
NaFSA/TMP electrolyte showed elongate-block crystal particles with an inhomogenous
distribution on the electrode surface. (b,¢) show two representative results; the former should be
from the reduction products of the electrolyte, while the latter should be from the exposed hard
carbon electrode without a passivation. The Cls signal in (d) looks similar with those in (a,c)
but different from that in (b), which thus should be mainly arisen from the hard carbon. Therefore,
there is no significant content of carbon-containing compounds in the passivation film produced

in the 3.3 M NaFSA/TMP electrolyte.
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Supplementary Figure 9 | XPS spectra of the reductively polarized Cu foil in 1.0 M

NaPF¢/EC:DEC. The Cls spectrum shows similar with a previous report.’
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Supplementary Figure 10 | ATR-FTIR of the reductively polarized Cu foil in 1.0 M
NaPF¢/EC:DEC. It shows a main product of sodium ethylene dicarbonate (NEDC), consistent
with a previous report.!® The content of Na2CO3 in the present work is small in the initial cycling;
it would increase during cycling or at elevated temperatures due to the decomposition of the
metastable NEDC. As a comparison, the ATR-FTIR spectrum of the passivation film produced

in the concentrated electrolyte is also shown.



Supplementary Figure 11 | Surface morphology of hard carbon electrodes after a long-term
cycling. a,b, SEM images of hard carbon electrodes after 850 cycles in the concentrated 3.3 M
NaFSA/TMP electrolyte and 180 cycles in conventional 1.0 M NaPF«EC:DEC electrolyte,
respectively. For the electrode cycled in the conventional electrolyte, hard carbon particles

cannot be seen, showing a very thick surface film on it.
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Supplementary Figure 12 | Electrochemical performance of a 3.2 V Na3V(PQ4)3 | hard
carbon full cell. a, Cycling performance and coulombic efficiency of the full cell using 3.3
M NaFSA/TMP electrolyte at a C/5 rate. The inset shows the charge—discharge voltage
curves. b, Discharge capacity of the full cell at various C-rates. Charge and discharge were
conducted at the same C-rate at 25 °C with a cutoff voltage of 1.8-3.5 V. A 1C-rate
corresponds to 250 mA g ! on the weight basis of the hard carbon active material. The
capacity is based on the hard carbon anode. Considering the capacity retention of 93% after
100 cycles, the coulombic efficiency should be over 99.92% theoretically. The obtained
coulombic efficiency (99.5%) of the full cell is slightly lower than the theoretic value, which
should be caused by a technical issue associated with coin-type cells, because our coin cell
using both commercial electrode materials (LiCoO2 and graphite) and electrolyte (1.0M
LiPF¢/EC:DMC) still shows a similarly lower coulombic efficiency than the theoretic value.
In the coin cell, the areal contact between the electrolyte with cell components
(cathode/anode cases, spacer, spring, etc.) is much larger than that in commercial laminated
cell. In addition, the separator, binder and conductive carbon are not optimized in our lab,

which may also cause some trace parasitical reactions in the battery. Nevertheless, the



capacity retention is high and the charge-discharge curves show no significant change during
100 cycles under strict conditions of a limited Na" resource and a low rate (C/5), which
indicate that those trace parasitical reactions in the full cell do not consume the active Na*
resource. We think that the coulombic efficiency can be further improved by optimizing the

cell design.
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Supplementary Figure 13 | Electrochemical Impedance spectra of Na3V2(POy); | hard

carbon full cells using concentrated and conventional electrolytes. Impedance spectra were

measured at 25 °C as a function of frequency using an AC impedance spectrometer (Solartron

147055BEC).
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Supplementary Figure 14 | Initial charge-discharge profiles of natural graphite | lithium
metal half-cells using various concentrations of LIFSA/TMP electrolytes. The dilute (1.0
M) electrolyte could not work with the graphite electrode at all while the concentrated (5.3 M)
electrolyte realized reversible lithium de-/intercalation of the graphite electrode, which is
similar with those observed in sodium-ion system that tested hard carbon electrodes in
NaFSA/TMP electrolytes. The initial columbic efficiency for the 5.3 M LiFSA/TMP electrolyte
on the natural graphite electrode was 79.6%. Most recently, we found that this initial columbic
efficiency could be remarkably improved to over 95% with a commercially used artificial

graphite electrode (see Supplementary Fig. 15). A 1C-rate corresponds to 372 mA g ' on the
weight basis of the graphite active material.
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Supplementary Figure 15 | First three charge-discharge profiles of artificial

graphite | lithium metal half-cell using 5.3 M LiFSA/TMP electrolyte. The initial

coulombic efficiency was 95.8%, which is much higher than that of natural graphite. A 1C-rate
corresponds to 372 mA g ! on the weight basis of the graphite active material.



Supplementary Figure 16 | Surface morphology of the natural graphite electrodes. a,b,
SEM images of the pristine graphite electrode before cycling. ¢,d, SEM images of the graphite
electrode after one charge-discharge operation in the dilute 1.0 M LiFSA/TMP electrolyte. e,f,
SEM images of the graphite electrode after several charge-discharge cycles in the concentrated
5.3 M LiFSA/TMP electrolyte. The dilute electrolyte caused the exfoliation of the graphite
layered structure (d) and the electrode film (¢), presumably due to the solvent cointercalation.
By contrast, in the concentrated electrolyte, no significant change was observed on the surface
morphology of the natural graphite electrode as compared to the pristine electrode, implying

the formation of a uniform and robust passivation film on the surface.
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Supplementary Figure 17 | Electrochemical performance of a 5 V-class LiNiosMn;.504 |
natural graphite full cell. a, Cycling performance and coulombic efficiency of the full cell
using 5.3 M LiFSA/TMP electrolyte at a C/5 rate. b, Selected charge—discharge voltage curves
for the full cell. Charge and discharge were conducted at the same C-rate at 25 °C after an
initial ten cycles at an elevated temperature of 40 °C (to improve the wettability of the
electrolyte toward the electrodes and separator). The cutoff voltage for all cycles was 3.5-4.8
V. A 1C-rate corresponds to 147 mA g on the weight basis of the LiNio.sMn1.504 active
material. The capacity is based on the LiNio.sMni.504 cathode. There was little capacity decay
together with a columbic efficiency of 99.2%, indicating that this nonflammable, fire-
extinguishing electrolyte can be applied to the high-voltage lithium-ion battery. It should be
noted that the capacity of the full cell can be considerably increased by using the artificial
graphite instead of the natural graphite as the initial coulombic efficiency of the former is much
higher than the latter.
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Supplementary Figure 18 | Structural characterizations and electrochemical property of
the synthesized Na3;V2(PO4)s. a, XRD pattern of as-synthesized Na3V2(PO4)3/C material. It
indicates only one phase of Na3V2(POa4)3 without impurity. The residual conductive carbon is in
an amorphous state. The detail crystallographic parameters of the as-synthesized Na3V2(PO4)3
(obtained from the Rietveld refinement) are listed in Supplementary Table 2. b, Initial charge-
discharge profile of the Na3V2(PO4)3 | Na half-cell. These features in structure and

electrochemical property are identical with the previous report.'!



Supplementary Table 1 | XPS element analysis of surface products on the cycled hard

carbon electrodes.

Element content (%) | S | N P (0] F | Na
1.0 M NaFSA/TMP |04 |0.1 | 15.8 |54.7| 1.8 |27.2
33 M NaFSA/TMP |78 42| 0.7 353|11.8|40.2

Note: The element analysis excludes carbon (Cls) because the hard carbon electrode itself also

contributes to the Cls signal. The relative error is about 10%.



Supplementary Table 2 | Crystallographic parameters of the synthesized Na3V2(PO4).

Atom Wyckoff site x/a y/b Zlc Occupancy
Na(1) 6b 0 0 0 0.770
Na(2) 18¢ 0.633(2) 0 0.25 0.744
A% 12¢ 0 0 0.1476(4) 1
P 18¢ 0.288(1) 0 0.25 1
o(1) 36f 0.183(2) 0.966(2) 0.1930(6) 1
0Q) 36f 0.190(2) 0.167(2) 0.0856(10) 1
Space group R -3 ¢ Rywp =3.68% Ry =2.68% RBrage = 6.31%
a=b=8.7345(7) A c=21.8212) A y=120° V=1441.73) A®

Note: The errors of the calculated crystallographic parameters are shown in the brackets.
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