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Sample preparation
The aim of the study being to investigate the effect of Zn doping on the activation of the
oxygen redox activity, the synthesis route has been optimized to lead to pure undistorted P2Na2/3[Mn1-yZny]O2 sample while insuring a random distribution of Mn/Zn cations and
preventing the creation of vacancies in the [MO2] layers which, well-known to be difficult to
master, may induce changes in the electrochemical behavior.
Lab-scale XRD experiments on powder samples have been performed using a BRUKER AXS
D4 Endeavor operating in Bragg-Brentano geometry with a Cu-Kα X-ray source (λKα1 =
1.5406 Å, λKα2 = 1.5444 Å). All scans are collected in the 2θ range 10° to 100° with an
angular step 2θ = 0.10 ° and 2s counting time. The XRD patterns of the targeted compositions
are reported in the Figure S1 together with the evolution of the lattice parameters. The
examination confirm that the solid solution extends to y = 2/9.
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Figure S1. a) XRD patterns of the synthesized samples and Bragg peak indexation using P2type structure b) refined cell parameters of the P2-Na2/3[Mn1-yZny]O2 compounds.
The refinement of the structure of Na2/3[Mn7/9Zn2/9]O2 is made using the Rietveld method
implemented in the Fullprof suite software. The structure data of P2-Na2/3MnO2 is used as
starting model so that two sites are used to describe the location of the Na ions and that Mn
and Zn ions share the same crystallographic site. The occupancy for both Na and Zn/Mn are
constrain in such a way that the sum is fixed to chemical composition. Thermal displacement
parameters of Na cation on one hand and Mn/Zn on the other hand are constrain to be
identical. Once all parameters refined, a final test is made which confirm the absence of large
divergence of the site occupancy from the chemical composition. The results reported in the
Table S1 shows that the sample is isostructural with P2-Na2/3MnO2 with a homogeneous
distribution of the Na ions in both prismatic sites.
Table S1. Refined crystallographic parameters by Rietveld analysis for P2-Na2/3Mn7/9Zn2/9O2.
S.G. P63/mmc a=2.892(1) / Å c=11.193(2) / Å
Atom
Na(e)
Na(f)
Mn
Zn
O
Rwp=7.6

Site
2c
2b
2a
2a
4f
2=2.81

x
1/3
0
0
0
1/3

y
2/3
0
0
0
2/3
RB=1.51

z
3/4
1/4
0
0
0.0976
RF=1.32
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Occ
0.23(2)
0.43(2)
0.78
0.22
1

B
2.3(2)
2.3(2)
0.4(2)
0.4(2)
1.6(3)

TEM investigation of pristine and charged sample.
Electron Diffraction (ED) patterns (Figure S2) confirm the perfectly ordered character of the
pristine material. Diffuse line appearing on [-110] ED pattern can be the evidence of local
ordering in the Na layer. ED pattern of the charged sample shows a high degree of stacking
disorder as confirmed by the fact that only (00l) reflections are visible while the reflections
with h,k ≠ 0 are smeared into diffuse intensity lines due to mixing between P-type and O-type
stacking modes.

Figure S2. Electron diffraction patterns of P2-Na2/3[Mn7/9Zn2/9]O2: (top) pristine; (bottom)
charged at 4.5V.
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Sample preparation for electrochemical characterization
The layered Mn based oxides are well-known for their low electronic conductivity which
implies the use of electronic additive. In addition, the high temperature solid state reaction
used to prepare the samples leads to large particles themselves agglomerated (inset Figure
S3). The Figure S3 reports the voltage curve obtained using a positive electrode composite
prepared via the hand grinding of P2-Na2/3[Mn7/9Zn2/9]O2/Csp mixture. The large polarization
observed confirms that the hand grinding is not efficient enough to insure a homogeneous
mixture of the active material and the conductor additive. To prevent this phenomenon, all
composite used as positive electrode materials for electrochemical characterization and to
prepare samples for ex situ and in operando analysis have been prepared by ball milling for 30
minutes a P2-Na2/3[Mn7/9Zn2/9]O2/Csp (80/20 wt%) mixture.

Figure S3: Galvanostatic charge-discharge analysis of P2-Na2/3[Mn7/9Zn2/9]O2/Csp hand
grinded mixture in Na half-cells with SEM image of the mixture as inset.
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Pressure cell analysis
Pressure cell analysis of the P2-Na2/3Mn7/9Zn2/9O2 was carried out to analyse the possible gas
release from the material during cycling. The small gas release observed from the cell during
the OCV period (10h rest) and the initial stages of cycling is due to the side reactions
associated with the Na metal counter electrode. Further, the increase in pressure during
cycling is quite negligible and is equivalent to ~0.029 mol of gas/mol of active material.

Figure S4. Time vs voltage plot with the corresponding pressure changes of P2
Na2/3Mn7/9Zn2/9O2 in sodium half cells cycled in galvanostatic mode at C/20 rate.
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Ex situ synchrotron XRD and TEM experiments on discharged sample

Figure S5. a) Observed and calculated synchrotron XRD patterns (red circles: observed;
black: calculated; blue line: difference plot; bars: Bragg reflections); b) Electron Diffraction
pattern and c) [100] HAADF STEM images of P’2 Na1[Mn7/9Zn2/9]O2 discharged sample
made by charging the sample to 4.5 V and then discharging it to 1.5 V. The ED patterns are
indexed on the hexagonal unit.

ED diffraction patterns (Figure S5b) shows that the typical P-type ordering is recovered and
[100] HAADF-STEM image (Figure S5c) confirm the absence of transition metal ions in the
Na layer. Despite a relatively low quality of the synchrotron XRD pattern of the discharged
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samples as well as presence of impurities due to the ex-situ preparation, a structure refinement
is conducted (Figure S5a)
The indexation of the Bragg peaks clearly shows that the discharged sample belongs to the
distorted P’2-Na2/3MnO2 structure type used then as starting model. The results of the
refinement are summarized in the table S2. The occupancy for Zn/Mn are constrain in such a
way that the sum is fixed to chemical composition. Thermal displacement parameters of Na
cation on one hand and Mn/Zn on the other hand are constrain to be identical. The refined
values, despite large, are all in the same range of order. This can be related to the low quality
of data, commonly observed for electrochemically obtained samples, especially at high Bragg
angles, where the effect of the thermal displacement is preponderant, and cannot be accurately
related to the presence of vacancies in the different sites. Once all parameters refined, a final
test is made which confirm the absence of large divergence of the site occupancy from the
chemical composition. The refinement leads unambiguously to locate all the Na ions in the
prismatic site sharing edges with occupied octahedra in the MO2 layers.

Table S2. Refined crystallographic parameters of the synchrotron ex situ XRD pattern of
discharged P’2Na1Mn7/9Zn2/9O2.
S.G. Cmcm a=2.919(1) / Å b=5.395(3) / Å c=10.814(6) / Å
Atom
Na(e)
Mn
Zn
O
Rwp=15

Site
4c
4a
4a
8f
2=5.1

x
0
0
0
0

y
0.3144
0
0
0.6684
RB=12 RF=9.6
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z
1/4
0
0
0.0945

Occ
0.99(2)
0.78
0.22
1

B
2.8(2)
2.4(3)
2.4(3)
3.7(2)

Operando XRD measurement other two cycles.
Operando X-ray diffraction analysis was conducted using a Swagelock-type cell equipped
with a Beryllium window protected by an aluminum foil as current collector. The cell loaded
with 30 mg of active material was cycled at C/40. XRD patterns were collected in the 2θ
angle range [10° - 60°] (step 0.02° counting time 3 s/step) every 0.05 exchanged Na+ during
relaxation time using a Bruker D8-Advance diffractometer with Cu Kα radiation (λKα1 =
1.5406 Å, λKα2 = 1.5444 Å) and LynxEye detector. XRD patterns were refined using the
Profile Matching method implemented in the Fullprof suite software.

Figure S6. Operando XRD characterization of Na2/3[Mn7/9Zn2/9]O2 along two cycles a)
selected diffraction angle range focusing on [002] Bragg peak b) corresponding voltage
profile c) cell parameters evolution of the P2-Nax[Mn1-yZny]O2.The green arrows serve as
guide to follow the evolutions of Bragg peaks location.
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The Figure S6 reports the XRD pattern collected in operando conditions along one charge,
one discharge and the second charge of a P2-Na2/3[Mn7/9Zn2/9]O2 sample. The evolution
observed in the (00l) angle domain and of the refined lattice parameters allow confirming the
evolution reported in the Figure 4. The second charge shows the reversibility of the
phenomena observed during the first discharge. The extraction of Na from discharged
P’2Na[Mn7/9Zn2/9]O2 sample leads to the recovering of the undistorted P2-type structure along
a narrow biphasic domain. A solid solution mechanism is observed showing the typical
increase decrease of, respectively, the c and a lattice parameters in perfect agreement with,
respectively, the lowering of Na screening effect and decrease of Mn ionic radius. At highest
charged state, despite no new phase appearing, the lattice parameters appear to remain
constant until a composition around x=0.35. The further extraction of Na+ leads to the growth
of a broad peak around 16.5 ° at the expense of the (002) Bragg peak of P2-type compound
showing the progressive P-type to O-type structure change.

Experimental details for HAXPES and XPS measurements.
All samples were carefully preserved from air and moisture exposure during transfer and
handling. They were constantly maintained in dry argon atmosphere or in vacuum. For home
XPS they were transferred from the argon glovebox directly connected to the spectrometer.
For HAXPES they were transferred from an external argon glovebox to the beamline
introduction chamber through by a designed stainless steel vacuum transfer system. Both
series of experiments (home XPS and HAXPES) were done exactly on the same samples.
HAXPES measurements were carried out at the GALAXIES beamline, SOLEIL synchrotron
facility, France. The photon excitation energy h = 6.9 keV was obtained from the third order
reflection of the Si(111) double-crystal monochromator. The photoelectrons were measured
by a SCIENTA EW4000 spectrometer, and the obtained energy resolution from the Au Fermi
9

edge was 0.14 eV. No charge neutralizer was used, and the pressure was around 10 −8 mbar in
the analysis chamber during the measurements. The binding energy scale was calibrated by
comparison with home XPS spectra on the same samples.
Home-XPS measurements were performed with an Escalab 250 Xi spectrometer using a
focused monochromatized Al K radiation (hν =1486.6 eV). The analysis was performed
using an elliptic 450  900 µm2 X-ray beam spot and a constant pass energy of 20 eV. No
charge neutralisation was used. The binding energy scale was calibrated with respect to the
C(1s) hydrocarbon contamination peak at 285.0 eV from the pristine material without carbon
black, and with the Zn 2p3/2 component at 1020.9 eV.
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Experimental details for EELS measurements:
Electron energy loss (EELS) spectra were collected in a STEM mode with 1 eV energy
resolution, then the spectral were integrated data over the area of interest and the Mn
oxidation state was quantified with nanometer spatial resolution using the L3/L2 intensity ratio
with the empirical dependence provided by Tan et al. [H. Tan, J. Verbeeck, A. Abakumov, G.
Van Tendeloo, Ultramicroscopy, 2012, 116, 24]. The quantification results were verified by
collecting the EELS spectra from the MnO, Mn2O3 and MnO2 standards.

Figure S7. Spatial distribution of the Mn oxidation state (VMn) as a function of the distance
from the surface of the crystallites in the pristine, charged to 4.5V and discharged to 1.5V
Na2/3Mn7/9Zn2/9O2 samples. Lines are guides to the eye.

Table S3. Distribution of the Mn valence at the surface and in the bulk of the crystallites in
the pristine, charged to 4.5V and discharged to 1.5V Na2/3Mn7/9Zn2/9O2 samples.

Surface
Bulk

Pristine
3.2(2)
3.7(1)

Charged
3.6(2)
3.9(1)
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Discharged
3.1(1)
3.40(8)

Experimental details for X-rays Absorption Spectroscopy (XAS):
Operando XAS measurements at the Mn K-edge and ex situ measurements at the Mn and Zn
K-edges were performed in transmission mode at the ROCK beamline of synchrotron
SOLEIL (France). A Si (111) channel-cut quick-XAS monochromator with an energy
resolution of 0.8 eV at 8 keV and an oscillating frequency of 2 Hz was used. The intensity of
the monochromatic X-ray beam was measured by three consecutive ionization detectors. For
the operando measurement, the in situ electrochemical cell [J. B. Leriche, S. Hamelet, J. Shu,
M. Morcrette, C. Masquelier, G. Ouvrard, M. Zerrouki, P. Soudan, S. Belin, E. Elkaïm, F.
Baudelet, J. Electrochem. Soc. 2010, 157, A606] was placed between the first and the second
ionization chambers. All samples were prepared as self-standing PTFE films of the active
material were used and cycled at C/20. The energy calibration was established with
simultaneous absorption measurements on Mn or Zn foils placed between the second and the
third ionisation chamber. In order to avoid beam damage, the in situ cell was exposed to the
incident beam only for 2 minutes then the acquisition was paused for the next 24 minutes
while the electrochemical reaction was going on. Moreover, the operando experiment was
conducted by monitoring the evolution of the XAS spectra at two different points of the
electrode to check the homogeneity of the reaction. The results obtained for the second point
are consistent with those on the first point. All data was treated using the Demeter package for
energy calibration and normalization [B. Ravel, J. Newville, J. Synchrotron Radiat. 2005, 12,
537]. Totally, 61 operando XAS spectra were acquired during the first cycle, with 31 spectra
corresponding to the charge and the remaining 30 to the discharge. The normalized XAS
spectra were then globally analyzed with Principal Component Analysis (PCA) [Massart, B.
Handbook of Chemometrics and Qualimetrics (Elsevier, 1997)] in order to individuate the
orthogonal components able to describe the whole evolution during cycling. The number of
principal components was then used as basis for Multivariate Curve Resolution-Alternating
Least Squares (MCR-ALS) analysis [A. de Juan, J. Jaumot, R. Tauler, Anal. Methods 2014, 6,
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4964]. The Principal Component Analysis (PCA) combined with Multivariate-Curve
Resolution Alternating Least-Square (MCR-ALS) method was applied separately to the
charge and the discharge, revealing that 5 orthogonal components are needed to capture all
variations in the dataset of XAS spectra measured on 1st cycle. Finally, the reconstructed
components as well as the ex situ spectra were fitted using the Artemis software. Fourier
transforms of k2-weighted EXAFS oscillations were carried out in k-range from 2.7 Å−1 to
11.5 Å−1 for the Mn K-edge. Except the radial distance (R) and the Debye-Waller factor (σ2),
all other parameters were kept constant (CN, E0, S02) in the conventional least squares
modelling using the phase and amplitude factors calculated by the FEFF7. The magnitudes of
the Fourier Transforms of the k2-weighted EXAFS oscillations |  (k) k2| are shown in Figure
S8b). The |  (k) k2| consists in two main peaks, the first one corresponds to MnO6
octahedron, while the next peak comes from different contributions, i.e. the Mn-Na, Mn-Mn
and Mn-Zn bonds. Since the scattering factors of Mn and Zn are very close, we decide to use
a single Mn-M bond in our EXAFS refinement. The starting model was provided by X-ray
Diffraction, resulting in six Mn-O (1.99 Å) distances, and six Mn–M (2.89 Å) distances (see
Table S4 and S5 for detailed fitting results).
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Figure S8. a) Mn K-edge XANES region of the reconstructed components compared with
some references. b) Magnitude of k2-weighted Fourier transform of the reconstructed
components (lines) along with the obtained fit (open circles).

Table S4. Structural parameters obtained by fitting the Mn K-edge k2-weighted EXAFS
oscillations for ex situ samples. CN, d, and σ stand for Coordination Number, distance and
the Debye-Waller factors. The difference energy threshold, E0, and the amplitude reduction
factor (S02) are fixed during fit. S02 was taken equal to 0.7 for all analysis.
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Table S5. Structural parameters obtained by fitting the Mn K-edge k2-weighted EXAFS
oscillations of the reconstructed components. CN, d, and σ2 stand for Coordination Number,
distance and the Debye-Waller factors. The difference energy threshold, E0, and the
amplitude reduction factor (S02) are fixed during fit. S02 was taken equal to 0.7 for all analysis.
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