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1. Experimental and computational details

Materials

Natural graphite was purchased from Bay Carbon Inc. and used without any 

modification or post-treatment. The electrolytes were carefully prepared to maintain 

low H2O contents (<20 ppm). The Na salt (NaPF6) and molecular sieves were stored 

in a vacuum oven at 180°C before use. The dried Na salts were dissolved in electrolyte 

solvents, including diethylene glycol dimethyl ether (DEGDME), tetraethylene glycol 

dimethyl ether (TEGDME), and dimethoxyethane (DME) at 1 M. The solutions were 

stirred at 80°C for 2 days, and molecular sieves were used to remove residual H2O 

from the electrolyte solutions. 

Electrode preparation and electrochemical measurements

Graphite electrodes were prepared by mixing the active material (natural graphite, 90 

wt%) with polyvinylidene fluoride binder (PVDF, 10 wt%) in an N-methyl-2-

pyrrolidone (NMP) solvent. The resulting slurry was uniformly pasted onto Cu foil, 

dried at 120°C for 1 h, and roll-pressed. The average electrode thickness was ~40 µm. 

Test cells were assembled in a glove box into a two-electrode configuration with a Na 

metal counter electrode. A separator of grade GF/F (Whatman, USA) was sonicated 

in acetone and dried at 120°C before use. Electrochemical profiles were obtained over 

a voltage range of 2.5 to 0.001 V using a multichannel potentio-galvanostat 

(WonATech).

In operando XRD analysis
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For in operando XRD analysis, the holed coin cells, which were sealed by kapton film 

with epoxy, were used. In operando XRD patterns for graphite were collected on the 

5A XRD beamline at PLS-II. The wavelength of the X-ray beam was 0.7653 Å, and 

XRD patterns were recorded as a set of circles on a Mar 345-image plate detector in 

the transmission mode for approximately 1 min of exposure time. The storage ring was 

operated with an electron energy of 3.0 GeV and a current of 300 mA. The total 

recording time was approximately 2.6 min because of the scanning time of the image 

plate and transferring time of the spectral information. The two theta angles of all the 

XRD patterns presented in this article have been recalculated to corresponding angles 

for λ = 1.54 Å, which is the wavelength of the conventional X-ray tube source with Cu 

Kα radiation for ease of comparison with other published results.

Calculation details

Geometric optimizations of [Na-ether]+ complexes were conducted with the DFT 

platform using Gaussian 09 program.1 All the molecular structures were fully relaxed 

with the B3LYP/6-311G level. Structural relaxations of stage 1 and stage 2 GICs were 

performed with the Vienna ab initio simulation package (VASP).2 We used a projector-

augmented wave (PAW) pseudopotential3, as implemented in VASP, and the exchange-

correlation energy was addressed using the Perdew-Burke-Ernzerhof (PBE) 

parameterized generalized gradient approximation (GGA).4 In addition, the semi-

empirical dispersion potential (DFT-D2)5 was implemented to describe the van der 

Waals (vdW) interactions of graphite. All the GIC structures were relaxed until the 

total energy of the system converged within 0.01 eV/Å.
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2. Solvation structure of [Na-DEGDME]+ complex

Figure S1. Various configurations of [Na-DEGDME]+ solvation complex. Energies relative to 

the most stable configuration are shown with each structure.
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Figure S2. Various configurations of double complex intercalation of [Na-DEGDME]+  in 

stage 1 structure.  
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Figure S3. A model of triple complex intercalation of [Na-DEGDME]+  in stage 1 structure.  
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3. Calculation of maximum density of [Na-DEGDME]+ complex in 

graphene interlayer gallery

Figure S4. Calculated planar area of a. [Na-DEGDME]+ and b. graphene layer. For 

convenience, rectangular shape of [Na-DEGDME]+ is assumed and intermolecular interactions 

are considered in Figure S4a. The planar areas of [Na-DEGDME]+ and graphene layer are 

68.13 Å2 per complex, and 2.64 Å2 per carbon atom, respectively. 
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4. Charge density in graphene layers upon sodium intercalation

Figure S5. In-plane charge distribution at graphene layer after the intercalation of [Na-

DEGDME]+ complex. Intercalated Na+ ions donate electrons to graphene layer, forming an 

ionic bond with electrons from C-C bonds in graphene layer. 
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5. Solvated-Na intercalation mechanism with three solvent species

Figure S6. Mass change of the electrodes upon discharge when a. TEGDME and b. DME 

solvents are used.
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Figure S7. Typical charge/discharge profile and ex-situ XRD patterns using 1M NaPF6 in 

TEGDME electrolyte.
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Figure S8. Typical charge/discharge profile and ex-situ XRD patterns using 1M NaPF6 in 

DEGDME electrolyte.
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Figure S9. Typical charge/discharge profile and ex-situ XRD patterns using 1M NaPF6 in 

DME electrolyte.
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6. Ordering of [Na-DEGDME]+ complexes in the model structure

Figure S10. a. Simulated XRD patterns of two different state of [Na-DEGDME]+ ordering in 

graphite host. Structures of ordered, disordered structures used in simulation are described in 

b., c., respectively. Note that the intensity ratio of (002) / (003) does not change, whereas 

several minor peaks in 11˚-22˚ range emerge or diminish due to the change of [Na-DEGDME]+ 

ordering.  
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7. Cycle performance of graphite electrode

Figure S11. Cycle stability of graphite electrode in Na half cells. Graphite working electrode, 

Na metal counter electrode, and 1M NaPF6 in DEGDME electrolyte are used. 
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Figure S12. Cycle stability of graphite electrode in Na half cells. Graphite working electrode, 

Na metal counter electrode are used. 1M NaPF6 in TEGDME, DEGDME, DME electrolytes 

are used, respectively. 
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8. Stability of graphite electrode after cycling

Figure S13. Ex-situ XRD and XPS analyses before and after cycling. a. XRD patterns of 

graphite electrode before/after cycling. b. XPS spectra of graphite electrode before/after 

cycling.
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Figure S14. SEM image of graphite electrode after cycling. 
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