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Experimental Section

Synthesis of NaMg0.5Ru0.5O2 and NaMg0.67Ru0.33O2 materials:

NaMg0.5Ru0.5O2 materials were synthesized by solid state reaction from 
stoichiometric amounts of Na2CO3, MgO and RuO2, and amount of Na2CO3 was added 
with 5 wt% excess. The starting stoichiometric mixture was initially ground together 
and then held at 600 °C for 10 h under argon (Ar) atmosphere. After re-grinding, the 
powder was heated to 900 °C for another 15 h, again under Ar atmosphere. The 
resulting dark black powder was reground and carefully checked for impurity phases 
using x-ray diffraction. And, the corresponding synthesized procedure of 
NaMg0.67Ru0.33O2 is solid state reaction from stoichiometric amounts of Na2CO3, MgO 
and RuO2, and amount of Na2CO3 was added with 5 wt% excess. The starting 
stoichiometric mixture was initially ground together and then held at 600 °C for 10 h 
under air atmosphere. After re-grinding, the powder was heated to 900 °C for another 
15 h, again under air atmosphere. 

Characterizations:

The structure of NaMg0.5Ru0.5O2 and NaMg0.67Ru0.33O2 materials were identified 
by powder XRD (Ultima III, Rigaku Corporation) radiation from Cu Kα (λ = 1.5406 
Å). The data were collected between diffraction angles (2θ) from 10° to 80° at a scan 
rate of  2° per min. Rietveld refinements of the XRD pattern obtained by GSAS + 
EXPGUI suite. The morphologies of the materials were procured by SEM (JSM-
7000F). In-situ Raman spectra of the materials were obtained using a homemade mould 
and JASCO microscope spectrometer (NRS-1000DT).

Electrochemical tests:

2032 coin-type cells were used for electrochemical measurements. The electrodes 
consisted of active material, acetylene black, and polytetrafluoroethene (PTFE, 12 
wt.%) binder with the weight ratio of 80:10:10. 1 M NaClO4 in propylene carbonate 
(PC) was prepared as the electrolyte.Battery tester system HJ1001 SD8 (Hokuto 
Denko) were employed for galvanostatic testing.



In-situ Raman observation:

A detailed description of the modified in-situ Raman cell (Hohsen Corp., Osaka, 
Japan) for the Li-ion battery employed in this study can be found in our previous 
study.[1] In detail, a thin quartz window (thickness, 0.5 mm) has been fixed on the top 
of the cell as a sight window. In order to collect shell-isolated nanoparticle-enhanced 
Raman (SHINER) signal, gold nanoparticles (NPs) approximately 40 nm in diameter 
with a SiO2 coating shell (5 nm) were synthesized as in previous reports.[2] The washed 
and dried Au@SiO2 NPs were dripped onto the specific cathode surface and vacuum 
dried before assembly. The cathode was assembled at the bottom of the cell with the 
active material-face upward. On the top of the cathode, 50-100 μL of electrolyte was 
homogeneously dropped onto the glassy fiber filter separator (GF/A, Whatman). As a 
standard two-electrode configuration cell, lithium foil (thickness, 0.4 mm) was 
assembled at the top as the reference and counter electrode. Note that, a small hole was 
punched on the center of both the separator and Li foil, through which the laser and 
Raman signals can fluidly cross. The cell was assembled in an argon-filled glovebox.

The Raman spectra were recorded using a JASCO microscope spectrometer (NRS-
1000DT). The excitation light of an air-cooled He−Ne laser at 632.8 nm wavelength 
was focused on the electrode surface through a 50×long working distance lens 
(Olympus America Inc.). The confocal slit was adjusted to be 4.0 μm to minimize the 
band broadening effect due to the contribution of non-confocal signal. The scattered 
light was collected in a backscattering geometry along the same optical path as the 
pumping laser. The power of laser beam delivered to the electrode surface was roughly 
10% of the maximum 30 mW laser intensity, unless specified, to avoid degradation to 
the products and/or cathode. The Raman spectrum acquisition time varied from 
600~800 s with 2 accumulations. At least 3 different places on the electrode surface at 
each cathode plate were checked to ensure the Raman spectra were credible and 
reproducible. The spectral resolution of the Raman spectra in the study was ca.1.0 
cm−1.4.
For the in-situ Raman test, the electrochemical experiments were carried out under the 
control of a potentiostat (Potentiostat/Galvanostat PGSTAT30, Autolab Co. Ltd., 
Netherlands) at room temperature. The current and potential outputs from the 
potentiostat were recorded by a multifunction data acquisition module/amplifier 
(PGSTAT30 Differential Electrometer, Autolab), which was controlled by General 
Purpose Electrochemical Software (GPES). Typically, the galvanostatic control was 
carried out at a current density of 5 mA g-1. Before characterization, the cell was kept 



on an open circuit for 10 h. The OCP was approximately 2.7 V in most cases in the 
study. All of the potentials in this study were referenced to Na/Na+.



Table S1. Stoichiometry from ICP analysis of the NaMg0.5Ru0.5O2 and NaMg0.67Ru0.33O2 pristine 
materials.

Table S2. Refinement results of NaMg0.5Ru0.5O2



Table S3. Refinement results of NaMg0.67Ru0.33O2

Figure S1. SEM images of NaMg0.5Ru0.5O2 and NaMg0.67Ru0.33O2 pristine material.



Figure S2. (a) The Ru 3d spectra collected from different compound powder at pristine state. 
NaMg0.5Ru0.5O2(green line), NaMg0.67Ru0.33O2(blue lines), RuO2(red lines), Na3RuO4(black 
lines).(b) The Ru 3p spectra collected from different compound powder at pristine state., 
NaMg0.67Ru0.33O2(blue lines), RuO2(red lines), Na3RuO4(black line)

We used pure original Ru4+ model, RuO2 and pure original Ru5+ prototype model, Na3RuO4 as the 
corresponding reference. Actually, the binding energy of Ru 3d5/2 for RuO2 collects at pristine state 
reveals the core peak at 282.17 eV, and it presents 282.22 eV for NaMg0.5Ru0.5O2.  The binding 
energy of Ru 3d5/2 for Na3RuO4 collects at pristine state reveals the core peak at 283.04 eV, and it 
presents 282.89 eV for NaMg0.67Ru0.33O2. There is almost no difference between the both.

Figure S3. GITT voltage profiles (4 h. C/20 pulse, 20 hr. rest) over the 2nd cycle process for 
(a)NaMg0.5Ru0.5O2 and (b) NaMg0.67Ru0.33O2 materials.



Figure S4. Variation of D/R2 vs. potential measured with GITT, showing its correlation with the 
dQ/dV profiles for (a) NaMg0.5Ru0.5O2 and(b) NaMg0.67Ru0.33O2 materials.

Table S4. Refinement results of NaMg0.5Ru0.5O2



Table. S5. Refinement results of NaMg0.67Ru0.33O2 after 50 cycles.
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