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S1. Materials and methods

S1.1 Synthesis
The procedure for obtaining Na,Mn,Si,0,/C was carried out via an adaptation of previously
described ways of synthesizing members within a closely related family of lithium-containing
orthosilicates (i.e. Li,MSiOy).!? First, appropriate amounts of Mn(CH;COOQ),-4H,0 (Sigma
Aldrich) and NaCH3;COO-3H,0 (Sigma Aldrich) were dissolved in absolute ethanol (99.5%,
Solveco). A mixture of ethanol and Si(OC,Hjs), (tetraethylorthosilicate - TEOS, Sigma Aldrich)
was then slowly added dropwise to the precursor solution under vigorous stirring. After the
addition of a catalytic amount of glacial CH;0OH (Sigma Aldrich), the solution was transferred
to a Teflon-lined steel autoclave and maintained at 120 °C for hydrolysis, condensation and
subsequent gelation to occur. The wet gel was recovered and dried in a convection oven at 60
°C. Subsequently, the dry amorphous xerogel was intimately mixed with sucrose via a ball
milling procedure in acetone. For the preparation of an ‘uncoated’, carbon-free powder, this
step was left out. After evaporating the acetone, the mixture was heat-treated at 650-700 °C for
a variable period of 1-10 h under a steady flow of Ar (50 sccm) in order to achieve a carbon
coating and to avoid possible oxidation of Mn?*. The resulting fluffy black (i.e. carbon-coated)
product was immediately transferred to an Ar-filled glovebox and stored there in a sealed vial

before further characterization.

S1.2 XRD Analysis
Crystal structure analysis and sample purity evaluation were performed by means of powder
X-ray diffraction (XRD) using a Bruker D8 diffractometer (CuK, radiation) equipped with a
LynxEye detector. Crystal structure refinement was performed using the Rietveld method? as
implemented in TOPAS.* Ex-situ powder XRD measurements were also performed on some
electrochemically cycled material in order to observe possible changes in the crystal structure
due to removal of Na* ions. The corresponding cycled cells were disassembled and the reacted
electrode material was thoroughly washed with dimethyl carbonate (DMC) to remove

electrolyte residues prior to the analysis.
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S1.3 Thermogravimetric analysis
Thermogravimetric analysis (TGA) was utilized to estimate the carbon content in the Na,Mn,Si,0,/C
nanocomposite material. The measurements were performed on a TA instruments Q500 by putting an
appropriate amount of powder in aluminum pans and heating the samples from room temperature (RT)

to 600 °C at a rate of 5 °C min™! under a constant flow of air (40 cm? min-').

S1.3 Morphological study
The morphology of the synthesized powder was observed using a high-resolution scanning
electron microscope (HRSEM LEO 1550) using a dedicated In-lens detector for the secondary
electrons. Transmission electron microscopy (TEM) images were collected using a field-
emission electron microscope (JEOL JEM-2100F) operated at 200 kV and equipped with a
Gatan Ultrascan 1000 CCD camera. TEM samples were prepared by carefully placing the
powder onto a copper grid (i.e. supporting a holey carbon film) under inert atmosphere in an
Ar-filled glove-box. The grid was then transferred from the glove-box to the microscope
column by using a dedicated JEOL vacuum-transfer holder. High-resolution transmission
electron microscopy (HRTEM) was carried out to study in depth the morphological, structural

and textural features of the Na,Mn,Si,0,/C nano-composite.

S1.4 FT-IR and Raman analysis
Fourier Transform Infrared (FT-IR) measurements were performed using a Perkin-Elmer
(Spectrum One) spectrometer equipped with an attenuated total reflectance (ATR) instrument.
The resulting spectra were collected in a spectral range spanning from 600 to 4000 cm™!' with a
resolution of 4 cm!. Twenty consecutive scans were run to acquire each spectrum with a good

signal-to-noise (S/N) ratio.

Raman spectra were attained with a Renishaw InVia spectrometer using an excitation
wavelength of 532 nm produced by a solid-state laser (Renishaw). The laser beam was focused
on the surface of the specimens through a 50% objective and an initial calibration was run before
the measurements using a Si wafer as a standard reference to achieve a characteristic peak
located at 520.6 cm!'. Thirty cumulative acquisitions with a measuring time of 60 s were
collected between 200 and 1800 cm! for each spectrum to enhance the S/N ratio. A low nominal
laser power of 0.5 mW was used in all the analyses together with a minimization of the beam
exposure time for the samples in between subsequent scans to prevent possible degradation of

their surfaces during the measurements.
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S1.5 Electrode preparation and electrochemical characterization
Electrochemical characterization was carried out using composite electrodes assembled in a
pouch cell configuration. The active material, Na,Mn,Si,0,/C, was ball-milled with carbon
black (Super P, Timcal) and polyvinylidene fluoride (PVdF, Solef 5130) in a weight ratio of
80:10:10 using NMP (N-methyl-2-pyrrolidone) as solvent for the PVdF binder. The viscous
slurry was spread onto an aluminium foil using a weighted wire-wound rod via a coating
apparatus (KR — K Control Coater). After evaporating the solvent, circular electrodes were
punched out and subsequently dried over night at 120 °C in a vacuum oven inside an Ar-filled
glovebox. The electrode coatings typically had a thickness of 35-40 pm with a mass loading of
3-4 mg cm2. For the electrochemical tests, Na half-cells were assembled. The electrode stacks
consisting of the prepared positive electrodes, a glass fiber separator soaked in electrolyte and
a pin-rolled circular Na metal disk (serving as a combined counter- and reference electrode)
were vacuum-sealed within a polymer-aluminium-polymer laminate pouch cell. The electrolyte
used was 1 M NaPF dissolved in a EC:DEC 1:1 mixture. Galvanostatic (i.e. constant current)
experiments were carried out using an Arbin battery tester (BT2000) at room temperature (RT).
OCV of the uncoated powder specimen (=10 mg) was recorded in a Swagelok-type Na half-cell

using the same electrolyte.

S4



S1.6 DFT Calculations
An experimentally available unit cell (SG: P2,/n) containing four formula units (fu.) of
Na,Mn;S1,0; (Table S2) was used as a starting model for the calculations. The cell geometry
of half-desodiated structures, with Nal or Na2 sites only occupied, and fully desodiated model
were optimised for structural analysis and calculation of desodiation potentials. DFT
calculations were done using Projector-Augmented Wave (PAW) method® using the periodic
plane-wave program VASP.® The PAW projection potentials “Na sv. GW” (2s2p3s),
“Mn_sv.GW?” (3p4s3d), “Si_ GW?” (s2p2), “O_GW? (s2p4) for Na, Mn, Si and O, respectively
were used from the set “potpaw PBE.54”. A Generalised Gradient Approximation (GGA)
using the Perdew-Burke-Ernzerhof (PBE)’ functional with the rotationally invariant Hubbard
correction applied to Mn d-band was applied; for the latter, the effective parameter value of
U=4 eV was adopted, which gives a more realistic d-electron localisation leading to a better
reproduction of the experimentally measured M?"/M3* redox potentials.® The electron structure
was converged with a high-spin antiferromagnetic spin configuration for Mn, since it gave
slightly (=20meV/f.u.) lower energy than the ferromagnetic one. The atomic positions and cell
parameters were relaxed and optimized using conjugate gradient with the energy and force
convergence criteria 0.001 eV and 0.01 eV/A, respectively. The upper cut-off of 539 eV was
chosen for the wavefunction expansion over plane waves and a 2x1x3 gamma-point centered

k-mesh for Brillouin zone sampling was employed.

S1.7 Electron paramagnetic resonance (EPR)
In order to confirm the presence of Mn?" in the as-prepared material, electron paramagnetic
resonance (EPR) was carried out. The EPR spectra were collected at a frequency of 9.77 GHz
at room temperature (RT) as the first derivative of the absorption signal using a Bruker Biospin

ELEXSYS 580 spectrometer with a standard ER4102ST resonator cavity.

S1.8 Bond Valence Sum (BVS) calculations
Preferred Na-ion migration pathways are visualised through 3D mapping of the Na-ion positions in the
unit cell of Na,Mn,Si,0; (using VESTA software) where the deviation of Bond Valence Sum (BVS),
ABVS = [BVSosition - BVSna-ol, is small to predict near optimal Na-O bonding situation’. BVSy,. is an
empirical parameter for stable Na-O bonding configuration and BVS,iion 1s calculated at any position
within the unit cell. BVS calculations we done using PyAbstantia tool'? and visualisation using VESTA

program'!.
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S2. Supplementary results

S2.1 Crystallographic information on pristine Na,Mn,Si, 0~
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Figure S1. Experimental X-ray diffractogram of the as-synthesized pristine “carbon-free” Na,Mn,Si,0;,
shown as black open circles. The calculated diffractogram is shown instead as a red line. The difference
between the observed and calculated data is represented by a solid blue line.

Table S1. Fractional atomic coordinates and parameters of the refined structural model in space group
no. 14 setting P2,/n. The lattice parameters of the monoclinic unit cell are a=8.76382(15)A, b=

13.29311(21) A, c= 5.744579(90) A, a=y=90° and p=89.8984(14)°.

Site Np X y z Occ. Beq
Mnl 4 0.70751(31) 0.00744(22) 0.13799(56) 1 1
Mn2 4 0.11684(36) 0.08206(21) 0.33659(50) 1 1
Sil 4 0.02950(60) 0.87970(38) 0.1783(10) 1 1
Si2 4 0.45119(63) 0.16664(37) 0.1850(10) 1 1
Nal 4 0.29830(83) 0.24763(58) 0.7257(12) 1 1
Na2 4 0.61559(84) 0.15858(44) 0.6736(13) 1 1
01 4 0.9556(11) 0.21161(61) 0.6246(17) 1 1
02 4 0.0930(11) 0.04077(63) 0.7050(15) 1 1
03 4 0.6092(13) 0.13444(73) 0.2867(17) 1 1
04 4 0.0251(12) 0.16722(66) 0.0645(16) 1 1
05 4 0.3306(11) 0.15345(58) 0.3799(17) 1 1
06 4 0.8028(10) 0.06242(62) 0.8166(16) 1 1
07 4 0.4155(10) 0.11801(59) 0.9397(16) 1 1

Numbers in parenthesis are estimated standard deviations. R,=6.54, R,,,=8.91, x*=11.92.
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S2.2 Crystallographic information on carbon-coated Na,Mn,Si,0-

Table S2. Fractional atomic coordinates and parameters of the refined structural model in space group
no. 14 setting P2,/n. The lattice parameters of the monoclinic unit cell are a= 8.78031(44) A, b=

13.29189(62) A, c= 5.74355(24) A, a=yp=90° and p= 90.1351(56)°.

Site Np X y z Occ. Beq
Mnl 4 0.70823(38) 0.00710(29) 0.14271(68) 1 1
Mn2 4 0.11788(46) 0.08143(28) 0.34077(59) 1 1
Sil 4 0.02868(77) 0.88230(42) 0.1692(12) 1 1
Si2 4 0.45036(70) 0.16642(45) 0.1948(13) 1 1
Nal 4 0.2977(10) 0.25158(73) 0.7306(15) 1 1
Na2 4 0.6052(10) 0.15674(56) 0.6745(18) 1 1
Ol 4 0.9642(13) 0.21620(73) 0.6170(22) 1 1
02 4 0.0919(14) 0.05287(77) 0.7026(18) 1 1
03 4 0.6095(16) 0.13079(88) 0.2753(22) 1 1
04 4 0.0186(18) 0.16171(83) 0.0560(20) 1 1
05 4 0.3346(15) 0.15060(66) 0.3775(20) 1 1
06 4 0.8095(15) 0.06281(83) 0.8074(21) 1 1
07 4 0.4113(16) 0.11383(68) 0.9406(23) 1 1

Numbers in parenthesis are estimated standard deviations. R,=3.87, R,,,=5.00, ¥>=3.73
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S2.3 Ex-situ XRD comparison with simulated models
In order to investigate which desodiation pathway is more likely, an ex-situ XRD experiment was
conducted. The experimentally obtained diffraction pattern of a sample desodiated at 4.2 V vs. Na*/Na
is shown in Figure S2b. By a comparison with the two possible desodiation models obtained from the
DFT calculations (Fig. S2c-f), it becomes evident that one of the simulated patterns shows more
similarities with the experimental data. The most striking similarity appears with regards to the shift in
position and intensity of the (110) and (020) peaks, respectively. Hence, it is suggested that the most
probable desodiation pathway is one in which sodium is preferentially removed from the Nal site, while
the Na2 site remains occupied. The remaining discrepancies between the experimental (Fig S2b) and
the model patterns (Fig S2d-f) beyond the first three peaks could be attributed to lattice strain and
disorder in site occupation. For example, for the model (d) in Fig S2, a monoclinic distortion would shift
(101) reflection to the opposite (lower) angle than for the other models (see the change in £ in Fig. S7).
Such situation is also consistent with the distortion and broadening of the peaks in the experimental
pattern of the desodiated phase (Fig. S2b). Note that the change in average cell parameters estimated
from the Le Bail fit (Fig S7d) are in line with the above interpretation, including the modest decrease in

the average unit cell volume: ~3.2% on extraction of ~ 1 Na per formula unit.
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Figure S2. (a) Experimental XRD pattern of the as-prepared Na,Mn,Si,0,/C sample. (b) Experimental
XRD pattern of material subjected to galvanostatic charging up to 4.2 V vs. Na*/Na followed by a
constant potential step at 4.2 V. Simulated XRD patterns derived from DFT calculations for a sodiated
(c), a partially desodiated model in which the Na2 site is still occupied (d), a partially desodiated model
in which the Nal site is still occupied (e), and a fully desodiated compound (f). The charging curve
corresponding to the experimentally desodiated sample is show in the inset (g). The reflections for low
angle peaks are also shown. Beyond the first three peaks, the arrows indicate the correspondence
between reflections (color coded) of the sodiated (c) and one of the desodiated model (d).
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S2.3 Thermogravimetric analysis
The C-coated sample displays a significant loss of mass in the temperature range of 260-360
°C closely followed by an increase in mass, as marked by the red line in Fig. S3. The carbon-
free sample is stable in air at temperatures up to 360 °C, after which a mass increase is observed,
as indicated by the black trace in Fig. S3. By comparing the two thermogravimetric curves
obtained from the two different samples, the carbon-content of the coated sample can be
estimated with relative ease, since the combustion of carbon (i.e. mass-loss) and oxidation of
the pristine material in air (mass-gain) clearly take place at separate temperature intervals. We
thus estimate the amount of conductive carbon in the Na,Mn,Si,0;/C nanocomposite to be

approximately 13 % by weight.
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Figure S3. Thermogravimetric plots comparing carbon-coated and pristine Na,Mn,;Si,0; exposed to
progressive oxidation in the temperature range of RT-600 °C at a heating rate of 5 °C min‘! in air.
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S2.4 Raman and FT-IR analyses
The small band around 590 cm™! in Fig. 2a could tentatively be associated with Mn—O lattice
vibrations!%!3 of the tetrahedral [MnQO,] - units here, whereas the other weak bands between 550
and 400 cm™! can be assigned to Si—O-Si bending modes.'* The contribution from the
orthosilicate impurities found from the Rietveld refinement (=5% range) are unlikely to be
resolved here; Also the presence of other possible relevant phases like Na,SiO; (Raman peaks
at 589 and 986 cm™!)!° or Na,CO; (main IR peaks around 863 cm! and 1450 cm™")! is not found
in any significant proportion here. Furthermore, it was found that the title compound is not
really reactive in terms of deterioration of its surface properties via both IR and Raman analyses
of aged material which had been exposed to ambient conditions for a prolonged period of time

(>24 h).

A brief summary of the main features related to the D and G bands for the pristine Na,Mn,Si,05
and Na,Mn,Si,0-/C specimens can be found in Table S3.

Table S3. Comparative table of the main features extracted from Raman analyses on the samples.

Sample 7 Vs In/lg L,
properties [em]  [em ] ratio [nm]

Pristine 1367 1603 0.687 1.12
C-coated 1345 1594 0.870 1.26

L.=[(Ip/Ig)/C*(X)]"2, where C’ is a constant at a fixed [1 with the dimensions of [A-2]

This formula is allowed, as the carbon found in the surface of these samples is mostly amorphous with typical graphene
cluster size <20 A (see A.C. Ferrari!?).
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S2.5 SEM and TEM analyses

Figure §4. SEM micrograph of carbon-coated Na,Mn,Si,0; obtained at 700 °C under Ar-flow
displaying the microscopic morphology of the product.

Analysis of the TEM micrographs was conducted with the aid of the ImageJ package.!® Obstacles related
to the non-ideal sample morphology, i.e. non-flatness, carbon coating, as well as instrumental limitations
were mainly addressed by Fast Fourier Transform (FFT) of selected regions of interest, as displayed in
Fig. S5.

Figure S5. HRTEM images of Na,Mn,Si,0,/C taken at two different sample spots (al-2) displaying characteristic lattice
fringes. The rectangular selections highlight areas of interest that were subjected to a Fast Fourier Transform (FFT) routine.
The resulting spots in reciprocal space are highlighted using circles (b1-2). By considering only the encircled spots and reverting
to real space via an inverse FFT, the appearance of the distinctive d-spacings is greatly enhanced (c1-2).
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S.2.6 Electron paramagnetic resonance
An experimental EPR spectrum of a carbon coated Na,Mn,Si,0; sample is shown in Fig. S6
and its profile displays a single Lorentzian line. This suggests that the signal originates from a
dense phase with short Mn-Mn distance as in inorganic oxides, in which the fine structure of
the spectrum is not resolvable. Since the spectrum is entirely dominated by the mg = +1/2 < -
1/2 transition with a g value of 2.01 at 347.92 mT, we consider these findings as evidence for
the presence of Mn?* in structural sites having close to cubic symmetry - in line with other

revious observations!?-? and structura analysis.
b tions!'%20 and structural XRD anal

dP/dB / a. u.

LA I L DL LA B L |
2000 2500 3000 3500 4000 4500 5000
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Figure S6. EPR spectrum of pristine Na,Mn,Si,0; recorded at room temperature at 2 mW microwave
power and a modulation amplitude of 1 Gauss.
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S.2.7 DFT calculations
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Figure S7. Relative changes in cell parameters, cell volume and angle P upon desodiation of
Na,Mn,Si,0; for the models with only Na2 site occupied (a), Nal site occupied (b) and for the
completely desodiated structure (c) with respect to the parameters of the initial, fully sodiated structure.
The corresponding changes from the experimental data (Fig. S2) are also shown for comparison (d).
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Figure S8. Key distances within the structure of Na,Mn,Si,0; (2) upon desodiation for the models with
only Na2 site occupied (1(2)), Nal site occupied (1(1)) and for the completely desodiated structure (0).

S.2.8 Bond Valence Sum (BVS)

Figure §9. The isosurface corresponding to two different deviations for Na Bond Valence Sum (BVS),
ABVS <0.15 (orange) and ABVS <0.3 (yellow) from its optimal value are shown together with the

structure of Na,Mn,Si,0; (a) and in magnification without the structure (b). Na-ion positions and the
preferred Na-ion migration pathways (red arrows) are highlighted.
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