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Catalyst Characterization
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Supplementary Figure 1. Synchrotron radiation powder X-ray diffraction of y-

MnO2 samples.

The synchrotron radiation powder X-ray diffraction (SR-PXRD) patterns of the
synthesized y-MnO, samples. The merging of the 110 and 130 peaks from M60% to
M94% indicates the conversion of ramsdellite to pyrolusite upon increasing the annealing
temperature from 150 to 450 °C!. The sample without annealing (RT) is given for

comparison.
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Supplementary Figure 2. Structure determination from HRTEM images and PDF
refinement.

(a) High-resolution transmission electron microscopy (HRTEM) images of M94%, with
a scale bar of 10 nm. (b) An enlarged image showing the lattice-resolved TEM image of
M94% within the rectangle shown in (a), with a scale bar of 2 nm. The schematic diagram
comparing the crystal structure of y-MnO (cif: CSD 1514239)? is shown, with an
intergrowth of both single and double [MnQs] unit cells. (¢) The planar oxygen (Opia) and
pyramidal oxygen (Opyr) were identified from the PDF analysis. The table displays the
fitted structural parameters of R-MnO2 blocks within M64%, obtained from PDF
refinement. The yellow spheres represent the Opla and the blue spheres represent the Opyr.
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Supplementary Figure 3. Pair distribution function of M94%.

Refinement of the pair distribution function (PDF) of M94%, as well as the
decomposition of the fitted PDF into contributions from the Mn-Mn (Mn-Mn partial
PDF), Mn-O (Mn-O partial PDF), and O-O (O-O partial PDF) atom pairs. The fitted
parameters are provided in Supplementary Table 1.
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Supplementary Figure 4. Pair distribution function of M85%.

Refinement of the pair distribution function (PDF) of M85%, as well as the
decomposition of the fitted PDF into contributions from the Mn-Mn (Mn-Mn partial
PDF), Mn-O (Mn-O partial PDF), and O-O (O-O partial PDF) atom pairs. The fitted
parameters are provided in Supplementary Table 1.
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Supplementary Figure 5. Pair distribution function of M67%.

Refinement of the pair distribution function (PDF) of M67%, as well as the
decomposition of the fitted PDF into contributions from the Mn-Mn (Mn-Mn partial
PDF), Mn-O (Mn-O partial PDF), and O-O (O-O partial PDF) atom pairs. The fitted
parameters are provided in Supplementary Table 1.
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Supplementary Figure 6. Pair distribution function of M60%.

Refinement of the pair distribution function (PDF) of M60%, as well as the
decomposition of the fitted PDF into contributions from the Mn-Mn (Mn-Mn partial
PDF), Mn-O (Mn-O partial PDF), and O-O (O-O partial PDF) atom pairs. The fitted
parameters are provided in Supplementary Table 1.
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Supplementary Figure 7. Mn-Mn partial PDFs of y-MnO2 samples.

Mn-Mn partial PDFs of four y-MnO samples with Opia concentrations of (a) 60%, (b)
67%, (c) 85% and (d) 94%. The shaded area indicates the integration of the Mn-Mnedge
and Mn-Mncomer peaks. The grey lines indicate baselines that are based on the definition
of G(r), G(r) = 4mpor(g(r)—1). As r—+0, this function behaves like —4mpor and passes
through zero with a slope that is proportional to the average number density (po) of the
material. The percentage of Mn-Mncomer Was calculated as Aixri/(Ai1xr1 + Az2xrz), where
A1 and A; are the integrated peak area of Mn-Mncormer and Mn-Mnegge, and r1 and r» are
the corresponding peak positions®4.
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Supplementary Figure 8. Quantitative analysis based on PDF and EXAFS.
Calculation of Opia based on the linear relationship between Opia and Mn-Mncomer Obtained
from the PDF (a) and EXAFS analysis (b). The void points represent the four y-MnO>
samples annealed at 150, 250, 350, and 450 °C. The solid points represent pure
ramsdellite and pure pyrolusite MnO.. Pure ramsdellite MnO2 has 50% Mn-Mncormer,
which corresponds to 50% Opiz>. Pure pyrolusite MnO2 has 80% Mn-Mncomer, Which
corresponds to 100% Opia°. As y-MnO; is an intergrowth of ramsdellite and pyrolusite
MnO., the concentration of Opia in y-MnO: displays a linear change with Mn-Mncorner.
The deviation of the Opia concentration derived from PDF and EXAFS analysis is less
than 6%. (c) Table shows the numerical values of Mn-Mncomer ratio and the concentration
of Opia Obtained from the PDF and EXAFS analysis, respectively.
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Supplementary Figure 9. Analysis accuracy of PDF refinement.

(a) The theoretical concentration of Opia plotted versus the theoretical Mn-Mncomer ratio
in y-MnO; with B-MnO> percentages of 80%, 60%, 50%, 40%, and 20%. 100% and 0%
correspond to B-MnO2 and R-MnO-, respectively. (b) Simulated Mn-Mn partial PDF
patterns of B-MnO2, R-MnO-, and y-MnO> with -MnQO> percentages of 80%, 60%, 50%,
40%, and 20%, respectively. (c) The integration of Mn-Mnedge and Mn-Mncomer peaks
(shaded area). The ratio of Mn-Mncomer Was calculated by Aixri/(Aixri+ A2xrz), where Az
and A: are the integrated peak area of Mn-Mncorer and Mn-Mneqge, and r1 and r2 are the
corresponding peak positions. (d) Theoretical and fitted parameters of 3-MnO2, R-MnOa,
and y-MnOz with -MnO: percentages of 80%, 60%, 50%, 40%, and 20%, respectively.
The comparison between the fitted result with their theoretical Opa concentration
indicates an error of within 2%.
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Supplementary Figure 10. Pair distribution function analysis of Si.

(a) Pair distribution function analysis of Si standard samples (Silicon Powder X-ray
diffraction standard, NIST SRM 640) measured at 25, 200, and 500 °C, respectively. The
first Si-Si peak (b) and its peak derivative (c) indicate an expansion in Si-Si bond length

at 200, and 500 °C compared to that of 25 °C.
The Si-Si bond expansion was observed to be 0.0009 and 0.0022 A at 200 and 500°C

compared to that at 25°C. This result is consistent well with the theoretical values of
approximately 0.0010 and 0.0029 A at 200 and 500°C®, respectively. It revealed that PDF
experiments are capable of detecting bond length changes as small as 0.001 A, confirming

the high experimental accuracy of PDF.

12



Name

Position
(eV)

LE ]

Position

(eV)

Position  Opia/(Opia +

(eV)  Ogy) ratio (%)

i Ovia 529.51

Meo% -AHiCe gog gy Metal go 4, em 42.4%
oxygen hydroxide Opy 529.96
- Opa 529.51

Me7% 3UCe goggg Metal g 4, e 61.2%
oxygen hydroxide Opy 529.96
: Opa 529.51

meso -AMiCe goggp Metal oo, —ee 74.7%
oxygen hydroxide Opy 529.96
i Oua 529.51

Mo4% 2UCE goggg Metal gq 45 e 85.9%
oxygen hydroxide Opy 529.96

2 * N i\\
534 533 532 531 530 529 528
Binding energy (eV)

Supplementary Figure 11. O1s XPS spectra of y-MnO2 samples.
(a) O1s XPS spectra of M60%, M67%, M85%, and M94%. The main peaks observed at

529.5-530 eV are attributed to lattice oxygen, whereas the shoulder peaks at 531.4 eV are
attributed to the terminal hydrated oxygen’. The Gaussian-Lorentzian line shape GL(60)
is used for the XPS analysis. The full width at half maximum (FWHM) values are 0.87
eV, 0.87 eV, and 2.10 eV for Opia, Opyr, and hydroxide, respectively. The quantitative
analysis was performed by fitting the XPS data using a binding energy of 529.51 eV for
Opia and 529.96 eV for Opyr, based on the binding energy of planar oxygen in 3-MnO2 and
pyramidal oxygen in manganite y-MnOOH’, respectively. (b) Table summarized the
fitting parameters of XPS analysis. The spectra were obtained using a pass energy of 23.5

eV and calibrated using the C1s peak at 284.6 eV.
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Supplementary Figure 12. Mn K-edge XANES spectra of y-MnO2 samples.

(a) Mn K-edge X-ray absorption near edge structure (XANES) spectra of M60%, M67%,
M85%, and M94%. (b) Edge position (defined as the energy at which the normalized
absorption is 0.5) plotted against the Mn oxidation state. MnO, Mn2O3 and MnO> with
known Mn valences were characterized as reference samples.
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Supplementary Figure 13. Mn2p XPS spectra of y-MnO2 samples.

XPS spectra of Mn2p in y-MnO; catalyst: (a) M60%, (b) M67%, (c) M85%, and (d)
M94%. The fitting parameters of the Mn2ps/> spectra®, such as the relative amounts of
each oxidation state, were presented in Supplementary Table 7. The spectra were obtained
using a pass energy of 23.5 eV and calibrated using the C1s peak at 284.6 eV.
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Supplementary Figure 14. Particle size analysis of y-MnO2 samples.
HR-TEM images of M60% (a) and M94% (b). Scale bar, 10 nm. (c) The synchrotron
radiation powder X-ray diffraction (SR-PXRD) patterns of M60% and M94% exhibit 221
and 240 diffraction peaks. (d) The average grain sizes of M60% and M94% were
estimated based on the Scherrer Equation®. (e) The pair distribution function (PDF) of
M60% and M94%. (f) The schematic diagram depicts the average distribution of
interatomic distances and numbers in a hypothetical square lattice of atoms (represented
as points). The distribution shows peaks at distances between pairs of atoms, with the area
of each peak proportional to the number of atoms at that distance®. The decay position
of G(r) curves provides the average grain size of analyzed samples.
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Supplementary Figure 15. Synchrotron radiation powder X-ray diffraction of
Mn20s.

(@) The synchrotron radiation powder X-ray diffraction (SR-PXRD) patterns of the
samples annealed between 450 and 480 °C. Even at 460 °C, Mn.O3z was detected
indicating that y-MnO> is decomposed at temperature above 460 °C. The area between
8.0° and 9.0° was enlarged in (b). The feature peak of Mn,O3 at 8.6° can be clearly
observed even when the sample was annealed at 460 °C.

17



22 T T T T
2.1 -
S < 2.0 100 mA cm?? ]

g g
& 8 1.94 i
S S 131 200 mAcm?2 |
) o 170,0,010/01670,61610/010,0,61010.0 ¢
© O 1.7 :
1.5 — Mn203 E 1.6 -0 Mn203 |
—— M94% —O— M94%

1.4 T T T T 1-5 T T T T

0 250 500 750 1000 1250 0 1 2 3 4 5
Current density (mA cm™) Time (h)

Supplementary Figure 16. Electrochemical performance of Mn20s.
Polarization curves (a) and stability (b) of Mn2Os evaluated in a PEM setup at 80 °C. The

result of M94% is plotted together for comparison.
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Supplementary Figure 17. XPS spectrum of y-MnO: catalyst.
(a) XPS survey spectrum of the y-MnO: catalyst. (b) The enlarged spectrum region (60

eV to 80 eV) of the red-marked rectangle in (a) shows Pt contamination on the surface of
v-MnO; was neglectable, which is under the detection limit of XPS.
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Supplementary Figure 18. The overpotentials of y-MnOz2 catalysts at 10 mA cm?geo.
(a) Relative concentrations of the different oxidation states (Mn*, Mn**, Mn?*) within

the y-MnO- catalysts obtained by fitting the Mn2ps» XPS spectra. (b) The overpotentials
of y-MnO; catalysts at 10 mA cm?geo in 1 M H2SO4 at 25 °C. Error bars show the standard
deviation evaluated from at least three independent measurements.
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Supplementary Figure 19. Linear sweep voltammetry of Pt/Ti and Faradaic
efficiency of y-MnO..
(a) Linear sweep voltammetries of bare Pt/Ti mesh substrate and compared to that of

M94% in 1 M H»SOs as the electrolyte. The observed nearly zero OER activity of the
bare substrate demonstrated that the current originated from the OER activity of the
M94% catalyst. (b) Time course of the oxygen generated from water electrolysis at a
constant current density of 200 mA cm?2ge in 1 M HzSO4 at 25 °C. The corresponding
Faradaic efficiency is shown on a separate axis.
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DFT studies on OER mechanism and active sites
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Supplementary Figure 20. Free energy diagrams of OER according to the AEM and
LOM mechanisms.

DFT calculations were conducted to study the OER mechanisms on ramsdellite and
pyrolusite structure units of y-MnO2 (M67%), respectively. For each of the units, two
active sites were considered, namely the five-coordinate Mn (Mnsc) and oxygen vacancy
(Ov) site. For each of the active site, two reaction mechanisms, adsorbate evolution
mechanism (AEM) and lattice oxygen mechanism (LOM), were considered
(Supplementary Fig. 21 and 22 for the mechanism illustration). In the calculations of
reaction free energies, the solvation energies of -0.11, -0.09, and -0.05 eV were adopted
for species *OH, *O, and *OOH, respectively, which are obtained based on explicit and
implicit water models (Supplementary Fig. 23 and Supplementary Table 8). The above
figures show the free energy diagram of OER with AEM and LOM mechanisms on Mnsc
and Oy side of ramsdellite (a) and pyrolusite (b) phases at 1.23 V vs. RHE. Three main
conclusions can be drawn from this figure: (1) The Oy sites on ramsdellite and pyrolusite
phases are the active sites of y-MnOz for OER. (2) On Oy sites of ramsdellite and
pyrolusite units, the AEM mechanism is more favorable than LOM. (3) The OER activity
of ramsdellite and pyrolusite phase is nearly the same because their overpotentials () are
very close (0.59 and 0.63 V, respectively), which can support the experimental results
that the activity of y-MnO: didn’t change with the Opia cOncentration.
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Supplementary Figure 21. AEM and LOM mechanism illustration on ramsdellite
structure unit.
Mechanistic illustration and optimized structures of intermediates in the adsorbate

evolution mechanism (AEM) and lattice oxygen mediated mechanism (LOM) on
ramsdellite (a) Oy site and (b) Mns. site.
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Supplementary Figure 22. AEM and LOM mechanism illustration on pyrolusite

structure unit.
Mechanistic illustration and optimized structures of intermediates in the adsorbate

evolution mechanism (AEM) and lattice oxygen mediated mechanism (LOM) on
pyrolusite (a) Oy site and (b) Mns; site.
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Supplementary Figure 23. Structures of explicit water model for the calculations of
solvation energies.

Two different explicit water models (a and b) were applied on y-MnO2 (M67%) surface
to estimate the solvation energies. We first calculated the adsorption of intermediates in
the presence of water layer, then the intermediates were removed and the y-MnO: slab
with water were optimized. Thus, the adsorption energies under explicit solvent can be
calculated. Considering the uncertainty of explicit water layer structure, the solvation
energies were also examined based on the implicit method (VASPsol)!. Supplementary
Table 8 lists the solvation energies calculated with explicit model a, b, and implicit model.
All three models yield similar results within an error margin of less than 0.1 eV. Despite
using values from different models or averaged values, our conclusion remains
unchanged: the dissolution from an Opia Site is unfavorable than from an Opy: site. In the
revised manuscript, we have adopted the averaged values of solvation energies to account
for variations in the water layer structure: *OH (-0.11 eV), *O (-0.09 eV), and *OOH
(-0.05 eV).
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Electrochemical Performance
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Supplementary Figure 24. UV-Vis measurement of MnO4 formation from M60%.
UV-Vis absorption spectra of the electrolyte (1 M H2SO4) after 30 min of electrolysis at
(a) 1.68, (b) 1.70, (c) 1.72, and (d) 1.76 V vs. RHE for the M60% sample. Only when the
potential was increased to approximately 1.72 V vs. RHE were new absorption peaks
observed at 525 and 545 nm. These absorption peaks are the absorption features of
MnYO4, indicating the dissolution of the M60% electrode initiated at potentials around
1.72 V vs. RHE.
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Supplementary Figure 25. UV-Vis measurement of MnO4 formation from M67%.
UV-Vis absorption spectra of the electrolyte (1 M H2SO4) after 30 min of electrolysis at
(@) 1.71, (b) 1.73, (c) 1.76, and (d) 1.78 V vs. RHE for the M67% sample. Only when the
potential was increased to approximately 1.76 V vs. RHE were new absorption peaks
observed at 525 and 545 nm. These absorption peaks are the absorption features of
MnY10y, indicating the dissolution of the M67% electrode initiated at potentials around
1.76 V vs. RHE.
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Supplementary Figure 26. UV-Vis measurement of MnO4 formation from M85%.
UV-Vis absorption spectra of the electrolyte (1 M H2SO4) after 30 min of electrolysis at
(a) 1.76, (b) 1.78, (c) 1.80, and (d) 1.82 V vs. RHE for the M85% sample. Only when the
potential was increased to approximately 1.78 V vs. RHE were new absorption peaks
observed at 525 and 545 nm. These absorption peaks are the absorption features of
MnY1Oy, indicating the dissolution of the M85% electrode initiated at potentials around
1.78 V vs. RHE.
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Supplementary Figure 27. UV-Vis measurement of MnOg4 formation from M94%.
UV-Vis absorption spectra of the electrolyte (1 M H2SOa) after 30 min of electrolysis at
(@) 1.72, (b) 1.77, (c) 1.80, and (d) 1.86 V vs. RHE for the M94% sample. Only when the
potential was increased to approximately 1.80 V vs. RHE were new absorption peaks
observed at 525 and 545 nm. These absorption peaks are the absorption features of
MnYO4, indicating the dissolution of the M94% electrode initiated at potentials around
1.80 V vs. RHE.
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Supplementary Figure 28. Chronopotentiometry of M94% and M94% P.

(a) Chronopotentiometry of M94% at 500 mA cm~2geoand M94%_P at 1000 and 500 mA
cmZgeo. (b) Chronopotentiometry of M94% at 50 mA cm2geo. The roman numerals VI,
VII, VIII, and IX here are to show that the curve is corresponded to the data point in Fig.
3b labeled with same roman numeral.
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Supplementary Figure 29. Cross-sectional images of the y-MnO2 electrode.
Cross-sectional scanning electron microscopy images of the electrode with y-MnO:
catalyst deposited on Pt/Ti mesh prepared by an electrodeposition method. (@)
Electrodeposition with stationary electrolyte. y-MnO> catalyst was deposited on the top
surface of Pt/Ti mesh. (b) Electrodeposition with electrolyte pumping into the Pt/Ti mesh.
The y-MnO- catalyst was deposited uniformly, wrapping almost all the Pt/Ti fibers. Scale
bar, 100 pm.
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Supplementary Figure 30. SR-PXRD patterns of M60% and M94% after
electrolysis.

SR-PXRD patterns of M60% (a) and M94% (b) before and after electrolysis at 200 mA
cm2geo for 40 hours in pH 1 HSO4 at 25 °C.
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Supplementary Figure 31. Pair distribution function of M94% after electrolysis.
(a) Refinement of the pair distribution function (PDF) of M94% after electrolysis for 40
h at 200 mA cm?ge (M94%-after), as well as the decomposition of the fitted PDF into
contributions from the Mn-Mn (Mn-Mn partial PDF), Mn-O (Mn-O partial PDF), and O-
O (O-0 partial PDF) atom pairs. (b) Integration of the Mn-Mnedge and Mn-Mncormer peaks
in Mn-Mn partial PDF (shaded area). The grey lines indicate baselines that are based on
the definition of G(r), G(r) = 4mpor(g(r)—1). As r—+0, this function behaves like —4mpor
and passes through zero with a slope that is proportional to the average number density
(po) of the material. The percentage of Mn-Mncomer Was calculated as Aixri/(Aixry +
Aoxr2) where A1 and A are the integrated peak area of Mn-Mncomer and Mn-Mnegge, and
r1 and rz are the corresponding peak positions. (c) Parameters for peak integration.
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Supplementary Figure 32. Pair distribution function of M60% after electrolysis.
(a) Refinement of the pair distribution function (PDF) of M60% after electrolysis for 40
h at 200 mA cm2ge (M60%-after), as well as the decomposition of the fitted PDF into
contributions from the Mn-Mn (Mn-Mn partial PDF), Mn-O (Mn-O partial PDF), and O-
O (O-O partial PDF) atom pairs. (b) Integration of the Mn-Mnedge and Mn-Mncomer peaks
in Mn-Mn partial PDF (shaded area). The grey lines indicate baselines that are based on
the definition of G(r), G(r) = 4mpor(g(r)—1). As r—+0, this function behaves like —4mpor
and passes through zero with a slope that is proportional to the average number density
(po) of the material. The percentage of Mn-Mncomer Was calculated as Aixri/(Aixry +
Axxrz), where A; and A> are the integrated peak area of Mn-Mncomer and Mn-Mnedge, and
r1 and r are the corresponding peak positions. (c) Parameters for peak integration.
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Supplementary Figure 33. Mn K-edge EXAFS measurement of M94% after
electrolysis.

Fitting analysis of Fourier-transformed k3-weighted Mn K-edge EXAFS measurement of
M94% after electrolysis at 200 mA cm?2geo in 1 M H2SO4. The fitting was conducted
within the R range of 1-3.8 A, and optimized parameters can be found in Supplementary
Table 10. The upper panel shows the magnitude of FT-EXAFS, and the lower panel
shows its real part. Detailed procedures for fitting are provided in Methods.
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Supplementary Figure 34. Mn K-edge EXAFS measurement of M60% after
electrolysis.

Fitting analysis of Fourier-transformed k3-weighted Mn K-edge EXAFS measurement of
M60% after electrolysis at 200 mA cm?2go in 1 M H2SO4. The fitting was conducted
within the R range of 1-3.8 A, and optimized parameters can be found in Supplementary
Table 11. The upper panel shows the magnitude of FT-EXAFS, and the lower panel
shows its real part. Detailed procedures for fitting are provided in Methods.
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DFT Studies on y-MnO; Stability
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Supplementary Figure 35. Free energy diagram of y-MnO: dissolution.

Free energy diagram of catalyst dissolution through (a) Opyr mechanism at M50% (001)
surface and (b) Opia mechanism at M100% (100) surface. The red line represents the
optimal dissolution pathway. The inserts in a and b show the pristine surface structures
of each model and atoms involved in the elementary steps were indicated.
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Supplementary Figure 36. 180 isotopic labeling of y-MnO: dissolution measured
with Raman.

Raman spectra of y-Mn*80; (a) and y-Mn*°0; (b): Three peaks characteristic to y-Mn*°0,
shifted to a higher wavenumber by approximately 26 cm™ by substituting lattice oxygen
from %0 to 80 (Refs'?'%). Raman spectra of permanganate (MnV"'O4") generated as a
dissolution product after 5 min of electrolysis at 200 mA cm in 0.01 M H2SO4 (c and
d): When the electrolysis was conducted using y-Mn!802 in 0.01 M H,S®04, electrolyte,
only %0-permanganate was formed (c). No formation of *¥0-contaning permanganate
suggests that lattice oxygen of y-Mn*80; is not involved in the metal dissolution pathway.
When the electrolysis was conducted using y-Mn®0; in 0.01 M H,S'®0, prepared with
H.'®0 (98%) + H2'®0 (2%), 8O-contaning permanganate was generated as a main
product (d). The product ratio of Mn®0:03 (8.5% + 1.6%) and Mn'804 (91.5% +
1.6%) corresponds to a total amount of 2.1% =+ 0.4% *°0 in dissolved permanganate,
which is consistent with the original concentration of H2'%0 (2%) in the electrolyte.
Consistency of the 10/*80 isotope ratio of permanganate and electrolyte solutions further
supports that the metal dissolution proceeds primarily without the involvement of lattice
oxygen. Therefore, the leaching of metal and oxygen was considered separately in DFT
calculations (Supplementary Table 12).
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Supplementary Figure 37. Dissolution through Opyr mechanism with different Opia
concentrations.

Free energy diagrams for dissolution through Opyr mechanism in MnO2 with Opia
concentrations of (a) 50%, (b) 60%, (c) 67%, and (d) 80%. The potential-determining
steps (PDS) are marked by red arrows. The reaction free energy of each elementary step
is listed in Supplementary Table 12.
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Supplementary Figure 38. Dissolution through Opia mechanism with different Opia
concentrations.

Free energy diagrams for dissolution through Opia mechanism in MnO2 with Opia
concentrations of (a) 60%, (b) 67%, (c) 80%, and (d) 100%. The potential-determining
steps (PDS) are marked by red arrows. The reaction free energy of each elementary step
is listed in Supplementary Table 12.
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e M100% (B-MnO,)

Supplementary Figure 39. Bulk structures of MnO: with different Opia
concentrations.

Atomic models of MnO> bulk with Opla concentrations of (a) 50%, (b) 60%, (c) 67%, (d)
80%, and (e)100%. The red and yellow small balls represent Opia and Opyr, respectively.
The big balls represent Mn atoms. The black lines represent lattice.
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Supplementary Figure 40. Atomic structures of cleaved surfaces for different MnOs..
Atomic structures of cleaved surfaces for different MnO,. A vacuum of ~15 A was added
to the surfaces to avoid the interaction between adjacent slabs.
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Supplementary Figure 41. Free energy diagram and local structures of initial (IS),
transition (TS), and final state (FS) for hydroxylation of (a) Opia and (b) Opyr.

The climbing-image nudged elastic band (CI-NEB) method was adopted to search the
transition states for Opiaand Opyr hydroxylation. A charge extrapolation scheme was used
to estimate the corresponding electrochemical barriers at constant potential, which are
0.61 and 0.26 eV at 1.8 V vs. RHE for (a) Opia and (b) Opyr hydroxylation, respectively.
The details of the charge extrapolation method can be found in previous literatures'°,
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Supplementary Figure 42. Theoretical dissolution rate of y-MnO:2 versus
experimental lifetime.

The reciprocal of theoretical dissolution rate (R) of y-MnO> versus experimental lifetime
in the three-electrode system. The solid and void diamond represent the lifetime defined
at the potential reaching 1.9 V and 2.0 V vs. RHE, respectively. The theoretical
dissolution rate was calculated at 25 °C and applied a potential of 1.8 V vs. RHE.
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PEM Water Electrolysis

Supplementary Figure 43. Photo of the experimental setup for PEM electrolysis.
Photo and description of the experimental setup for PEM water electrolysis and long-time
test.
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Supplementary Figure 44. Cross-section images of the MEA sample with y-MnO2
catalyst.

(a) Cross-sectional scanning electron microscopy images of a Membrane Electrode
Assembly (MEA) with y-MnO: catalyst as the anode. Energy dispersive X-ray (EDX)
mapping analysis of Mn (b), Ti (c), Pt (d), and F (e) represent the y-MnQO; catalyst, Pt/Ti
mesh and Nafion 115 membrane (including the Nafion ionomer added for MEA
preparation), respectively. Scale bar, 250 um.
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Supplementary Figure 45. Polarization curves of y-MnO2 MEAs measured in PEM.
Polarization curves of y-MnO2 MEAs measured in PEM setup at 80 °C. All the MEASs
were fabricated with Nafion 115 membrane.
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Supplementary Figure 46. Polarization curves of y-MnO: MEAs at different

temperature.

Polarization curves of y-MnO. MEAs measured in PEM setup at 25, 40, 60, and 80 °C.

All the MEASs were fabricated with Nafion 115 membrane.
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Supplementary Figure 47. Polarization curves of M94% MEA fabricated with
Nafion 115 and Nafion 212.

(a) Polarization curves of M94% MEA fabricated with Nafion 115 (N-115) membrane
and the corresponding high-frequency resistance (HFR) values. (b) Polarization curves
of M94% MEA fabricated with Nafion 212 (N-212) membrane and the corresponding
HFR values. All the PEM measurements were performed at atmospheric pressure and 80
°C.
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Supplementary Figure 48. Nyquist plot of the Galvanostatic impedance
measurements.

(a) Nyquist plot of the Galvanostatic impedance measurements for M94% MEA
fabricated with Nafion 115 membrane. (b) Nyquist plot of the Galvanostatic impedance
measurements for M94% MEA fabricated with Nafion 212 membrane.
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Supplementary Figure 49. Stability comparison of y-MnO: with other earth-
abundant OER catalysts reported in the literature.

Stability of the synthesized y-MnO> catalysts in PEM electrolyzer and comparison with
other earth-abundant OER catalysts reported in the literature®2t, Upward and downward
triangles represent lifetime and operation time, respectively. The stability of LMCF?! was
measured with Nafion 212 membrane at an cell voltage of 1.65 V (current density ~ 200
mA c¢m?). The lifetime of y-MnO, was defined at the cell voltage reaching 2.0 V.
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Supplementary Figure 50. Scheme illustration of OER and lattice O dissolution.
Elementary steps of adsorbate evolution mechanism (AEM) of OER on the OV site of
v-MnOz (black arrows and labels) and Ojatice dissolution (blue arrows and labels). The
detail explanation can be found in Supplementary Note 3.
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Supplementary Tables

Supplementary Table 1. PDF fitting results for the four y-MnO2 samples.

PDF fitting results for the four y-MnO2 samples. The detail fitting procedure can be found
in the Supplementary Note 2. Rw was shown to validate the rational fitting.

Samples M94% M85% M67% M60%
Phase B-MnO, R-MnO,* B-MnO, R-MnO, B-MnO, R-MnO, B-MnO, R-MnO,
Scale 0.300(6) 0.034(4) 0.268(6) 0.131(5) 0.131(4) 0.282(7) 0.079(4) 0.358(8)
alA 4.4059(6) 4.385(2) 4.407(1) 4.385(2) 4.404(2) 4.359(3) 4.409(4) 4.385(2)
b/A 4.4059(6) 9.495(5) 4.407(1) 9.495(5) 4.404(2) 9.470(6) 4.409(4) 9.495(5)
c/A 2.8671(7) 2.826(2) 2.865(1) 2.826(2) 2.862(3) 2.845(2) 2.866(5) 2.826(2)
Uiso (Mn) 0.0038(1) 0.0038(1) 0.0045(1) 0.0045(1) 0.0044(2) 0.0044(2) 0.0053(2) 0.0053(2)
Uiso (0) 0.024(1) 0.024(1) 0.035(2) 0.035(2) 0.017(2) 0.017(2) 0.014(1) 0.014(1)
x=0 X7 0)'/0_06(1) x=0 X7 oy.o_oe(l) x=0  x=00032 | x=0  x=0006()
Mn? y=0 - y=0 - y=0 y=0.1311(3) y=0 y=0.1314(2)
z=0 0'1214(2) z=0 0'1§14(2) z=0 z=1/4 z=0 z=1/4
z=1/4 z=1/4
x=0305(1) x=0.282(2) | x=0.302(2) x=0.282(2) | x=0.323(2) x=0.270(4) | x=0.326(3) x=0.282(2)
0% (1) y=0.305(1) y=0.293(1) | y=0.302(2) y=0.293(1) | y=0.323(2) y=0.292(2) | y=0.326(3) y=0.293(1)
z=0 z=14 z=0 z=1/4 z=0 z=1/4 z=0 z=1/4
x =0.730(2) X =0.730(2) x = 0.726(3) x =0.730(2)
0% (2) y = 0.468(1) y = 0.468(1) y =0.467(1) y = 0.468(1)
z=14 z=14 z=1/4 z=1/4
Ie'\rql;t_t?"}lé& 1.886(3) 1.894(5) 1.888(9) 1.894(5) 1.874(8) 1.901(4) 1.875(8) 1.894(5)
MnN-Opxr
length®/ A 1.930(1) 1.930(1) 1.920(7) 1.930(1)
Rw 0.22 0.28 0.30 0.28

Only x, y and z of symmetrically independent atoms are provided. The fractional
coordinates of the atoms at special positions were fixed according to the symmetry of the

space.

"The bond length was calculated by averaging the bonding between oxygen and three
neighbors Mn atoms.
“The lattice parameters and atom coordinates of the R-MnO> phase in both M94% and
M85% were fixed the same as the values of M60% as the ratio of R-MnO; phase was

low.
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Supplementary Table 2. Fitting parameters of Mn K-edge EXAFS spectra of
standard p-MnO:2 sample.

Fitting parameters of the Fourier-transformed k3-weighted Mn K-edge EXAFS spectra of
standard B-MnO; sample. The standard deviations are shown in parentheses. Two
commonly used parameters, R-factor and reduced chi-square, are shown to validate the
rational fitting.

AEq Reduced R
a 2 2 - -
Path N R (A) o? (A% So (&V) chi factor®
square

1882  0.0028
Mn-O 6 oo5)  (0.0005)
Mn-Mn.1

2881 00021 078  -1.0
(Z%‘;‘;Bd 2 (0007) (00006) (0.06) (0.9) >0 002
Mn-Mn2 o 3438 00041
(third shell) (0.006)  (0.0005)

®The coordination numbers for all of the paths were fixed to the crystallography values.
"The definition of R-factor is:

S (00 — )

R factor = 5
2i<k3xfa‘a(k)>

(1)
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Supplementary Table 3. Fitting parameters of Mn K-edge EXAFS spectra of M94%.
Fitting parameters of the Fourier-transformed k3-weighted Mn K-edge EXAFS spectra
of M94%. The standard deviations are shown in parentheses. Two commonly used
parameters, R-factor and reduced chi-square, are shown to validate the rational fitting.

Path N R (A) 7 (A?) cﬁfigﬁife R-factor®
_ . 1.882 0.0039
Mn-O 6 (0.003) (0.0003)
Mn-Mn.1 2871
cocondarely L1704 Gode 0008 (0.000) 493 0.017
Mn-Mn.2 3.434 0.0033
hirdshely >4 O 0003) (0.0007)

aMn-O coordination number was fixed at 6.
bSupplementary Equation 1
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Supplementary Table 4. Fitting parameters of Mn K-edge EXAFS spectra of M85%.
Fitting parameters of the Fourier-transformed k3-weighted Mn K-edge EXAFS spectra of

M85%. The standard deviations are shown in parentheses. Two commonly used
parameters, R-factor and reduced chi-square, are shown to validate the rational fitting.

T
Mn-0 Qoo (00004
(Se“ﬁg‘nﬂ” thi“) 2.0 (0.5) (S:ggé) 0.003 (0.001) 761 0.022
(t'\r:lirr]é'\gr?élzl) 4708) (giggi) (828882)

aMn-O coordination number was fixed at 6.
bSupplementary Equation 1
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Supplementary Table 5. Fitting parameters of Mn K-edge EXAFS spectra of M67%.
Fitting parameters of the Fourier-transformed k3-weighted Mn K-edge EXAFS spectra of

M67%. The standard deviations are shown in parentheses. Two commonly used
parameters, R-factor and reduced chi-square, are shown to validate the rational fitting.

Path N R (A) 2 (R?) Cﬁfi:ﬁife R-factor®
Mn-O & ©.003) (0.0003
(S:élcr)]r-llc\i/l :h'in) 24 (04) (31332) (818888) 439 0.016
(tl\rfirr]él\gr?élzl) 38(0.7) (gﬁggj) (8:8882)

aMn-O coordination number was fixed at 6.
bSupplementary Equation 1
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Supplementary Table 6. Fitting parameters of Mn K-edge EXAFS spectra of M60%.
Fitting parameters of the Fourier-transformed k3-weighted Mn K-edge EXAFS spectra of

M60%. The standard deviations are shown in parentheses. Two commonly used
parameters, R-factor and reduced chi-square, are shown to validate the rational fitting.

I I
M0 ® o (000
(S:élgr-]g/l:ﬁi") 2.9 (0.5) (Sggg) 0.005 (0.001) 463 0.019
(tl\rfi?;\gﬁéﬁ) 3.2(0.7) (g:ggg) 0.004 (0.001)

aMn-O coordination number was fixed at 6.
bSupplementary Equation 1
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Supplementary Table 7. Fitting parameters of XPS Mn2p spectrum of M60%,

M67%, M85% and M94%.

Positon  FWHM Line %A
No Name (eV) (eV) shape M60% M67% M85% M94%
1 Mn**-Peak 1 642.0 0.90 GL(50) 26.8 26.9 27.1 27.8
2 Mn**-Peak 2 642.8 0.90 GL(50) 14.3 14.4 14.5 14.9
3 Mn**-Peak 3 643.4 0.90 GL(50) 13.3 13.4 13.4 13.8
4 Mn**-Peak 4 644.1 0.90 GL(50) 7.4 7.5 7.5 7.7
5 Mn#**-Peak 5 644.9 0.90 GL(50) 4.5 4.5 4.5 4.7
6 Mn#**-Peak 6 645.8 0.90 GL(50) 2.3 2.3 2.4 2.4
7 Mn#*-Peak 7 646.9 0.90 GL(50) 1.0 1.0 1.0 1.0
8  Mn*-Peak8  647.1 0.90 GL(50) 0.4 0.4 0.4 0.4
9  Mn*-Peak1l  640.8 1.05 GL(50) 7.3 7.1 7.0 6.4
10 Mn*-Peak2 6416 1.05 GL(50) 7.3 7.2 7.0 6.5
11 Mn3*-Peak 3 642.3 1.05 GL(50) 5.8 5.7 5.6 5.2
12 Mn3*-Peak 4 643.0 1.05 GL(50) 4.5 4.4 4.3 4.0
13 Mn3*-Peak 5 643.8 1.05 GL(50) 2.4 2.3 2.3 2.1
14 Mn3*-Peak 6 644.7 1.05 GL(50) 1.3 1.3 1.2 1.1
15 Mn®-Peak7  645.7 1.05 GL(50) 05 05 05 05
16  Mn*-Peak 8 639.0 1.37 GL(50) 0.3 0.3 0.3 0.2
17 Mn2*-Peak 1 639.3 1.15 GL(50) 0.2 0.3 0.4 0.4
18 Mn2*-Peak 2 640.3 1.15 GL(30) 0.2 0.2 0.3 0.3
19 Mn2*-Peak 3 641.1 1.15 GL(30) 0.1 0.2 0.2 0.2
20 Mn?*-Peak 4 642.0 1.15 GL(30) 0.1 0.1 0.1 0.2
21  Mn*-Peak5  643.0 1.15 GL(30) 0.0 0.1 0.1 0.1
22  Mn?*-Peak 6 644.1 1.55 GL(30) 0.0 0.0 0.0 0.0
23 Mn2*-Peak 7 646.2 2.57 GL(30) 0.1 0.1 0.1 0.1
24 Mn2*-Peak 8 637.6 1.35 GL(30) 0.0 0.0 0.0 0.0
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Supplementary Table 8. Solvation energies calculated with explicit and implicit
methods.

Solvation energies (eV)

Species Explicit model a*  Explicit model b Implicit model Average
(VASPsol)
*OH -0.14 -0.12 -0.06 -0.11
*0 -0.09 -0.11 -0.08 -0.09
*OOH -0.04 -0.06 -0.06 -0.05

*The structures of explicit model a and b are presented in Supplementary Figure 23.
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Supplementary Table 9. PDF fitting results for M60% and M94% after electrolysis.

PDF fitting results for the M60% and M94% after electrolysis for 40 h at 200 mA cm2geo.
The detailed fitting procedure can be found in the Supplementary Note 2. Rw was shown
to validate the rational fitting.

Samples M94%-after M60%-after
Phase B-MnO; R-MnO,° B-Mn0; R-MnO,
Scale 0.248(6) 0.041(5) 0.047(4) 0.187(7)
alA 4.407(9) 4.385(2) 4.481(7) 4.388(4)
b/A 4.407(9) 9.495(5) 4.481(7) 9.56(1)
/A 2.866(1) 2.826(2) 2.841(8) 2.808(4)
Uiso (Min) 0.004(1) 0.004(1) 0.006 (7) 0.006 (7)
Uiso (O) 0.027(2) 0.027(2) 0.011(2) 0.011(2)
Xx=0 X = 0.006(1) Xx=0 X = 0.002(3)
Mn? y=0 y=0.131 (4) y=0 y =0.131 (5)
z=0 z=1/4 z=0 1=Y
X = 0.303(2) X = 0.282(2) X = 0.324(4) X = 0.273(5)
0 (1) y = 0.303(2) y = 0.293(1) y = 0.324(4) y = 0.296(2)
z=0 z=1/4 z=0 1=Y
X = 0.730(2) X = 0.724(4)
0 (2) y = 0.468(1) y = 0.468(2)
z=1/4 2=
_ b
Mn Op'ﬁ}_\'ength / 1.887(5) 1.892(3) 1.878(2) 1.895(3)
_ b
Mn-Opyr engtih™/ 1.930(1) 1.917(7)

Rw

0.25

0.34
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Supplementary Table 10. Fitting parameters of Mn K-edge EXAFS spectra of
M949% after electrolysis.

Fitting parameters of the Fourier-transformed k3-weighted Mn K-edge EXAFS spectra
of M94%-40h. The standard deviations are shown in parentheses. Two commonly used
parameters, R-factor and reduced chi-square, are shown to validate the rational fitting.

Path N R (A) 2 (R?) Cﬁfi:ﬁgfe R-factor’
Mn-O 6" (cl):ggzo (8:883411)
(Se'\é'(;‘r;(';"snhi”) 1.6 (0.4) (ézggg) 0.003 (0.001) 621 0.031
(t'\rfirr](-jl\gr?élzl) 4.8(0.4) (giggi) (82888(13)

aMn-O coordination number was fixed at 6.
bSupplementary Equation 1
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Supplementary Table 11. Fitting parameters of Mn K-edge EXAFS spectra of
M60% after electrolysis.

Fitting parameters of the Fourier-transformed k3-weighted Mn K-edge EXAFS spectra
of M60%-40h. The standard deviations are shown in parentheses. Two commonly used
parameters, R-factor and reduced chi-square, are shown to validate the rational fitting.

Path N R (A) &2 (A?) Reduced R-factor®
chi-square
- a 1.893 0.0049
Mn-O 0 (0.004) (0.0004)
Mn-Mn.1 2.870
(second shell) 2.6 (0.4) (0.007) 0.006 (0.001) 537 0.028
Mn-Mn.2 3.441
(third shell) 2.9 (0.8) (0.007) 0.004 (0.001)

aMn-O coordination number was fixed at 6.
bSupplementary Equation 1
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Supplementary Table 12. Elementary steps in the Opyr and Opla mechanisms for

catalyst dissolution.

Elementary steps in the Opyr and Opia mechanisms for catalyst dissolution and calculated

reaction free energies.

AG (eV)
Steps
M50% M60% M67% M80%
Ou — Ou-OH 1.47 1.47 1.59 1.49
Ou-OH — OuV 1.27 1.15 1.16 1.04
Opyr. Mn; — Mn,V 1.38 1.15 1.37 1.45
mechanism
Opyr — Opyr'OH# 190 192 189 191
Opyr-OH — OpyrV 0.87 0.96 0.90 0.60
AG (eV)
Steps
M60% M67% M80% M100%
On — Or-OH 1.54 1.36 1.55 1.54
Op-OH — OpV 1.36 1.22 1.11 1.05
Opla
mechanism Mn,; — MnoV 1.31 1.27 1.38 1.32
Opla — Opia-OH* 2.16 2.15 2.14 2.10
Opia-OH — OpiV 1.28 0.47 -0.35 -0.41

*Potential-determining step

64



Supplementary Table 13. Data and references for Fig. 3b in the main text.

Number in a e
Fig. 3b Catalyst Electrolyte Stability Ref.
1 Amorphous CoFeOx pH 2 in Pi 2 hat1mA cmZg (LT) 22
2 Amorphous CoPbOy pH 2.5in Pi 8 hat1mA cmZg (LT) 22
3 Amorphous CoFePbOy pH 2 in Pi 50 h at 1 mA cm?g, (OT) 22
. 2hat1.9Vvs. RHE (OT), ]
4 Ti-MnO; 0.5 M H,SO4 from 7.2 0 6 MA cM e 23
20 hat 1.55 V vs. RHE (OT), j
> ClizsMnusO, 05 M H.S0 from ~10t0 1.5 MA cmZge 2
6 1T-MoS; pH 0.3 H2SO4 2 hat 10 mA cm?g, (OT) 25
Mn-doped P
7 FeP/Cos(PO:), 0.5 M H3S04 8.3 hat 5 mA cmg (OT) 26
. 10 hat1.79 V vs. RHE (OT)
8 Co,TiO4 0.5 M H,SO4 j from 10 to 5 MA cmZse 27
9 Crystalline C030. 0.5 M H3S04 15 h at 10 mA cm2ge, (LT) 28
10 R20-Mn 0.5 M H2SO4 20 h at 10 mA cm?, (OT) 29
11 c-Fe:0s3 pH 0.3 H2SO4 24 h at 10 mA cmZg, (OT) 30
12 NiFeP 0.05 M H,S04 30 h at 10 mA cm?g, (OT) 31
13 Ni42 steel pH 1 H.SO, 42 h at 10 mA cm?g, (OT) 32
1 M HzSO4 -2
14 Cos0:.@C (PH 0.1) 40 h at 10 mA cmge, (OT) 33
15 C00.05F€0.960y pH 0.3 HSO4 50 hat 10 mA cm2 (LT) 34
. 66 h at 10 mA cm?g, (OT)
16 Ni.Ta 0.5 M H,S04 EE ~ 85% 35
17 C0304/Ce0; 0.05M H3SO4 100 h at 10 mA cm2g, (OT) 36
18 Nio.sMnosSh170y 1.0 M H,SOq4 168 h at 10 mA cm?g, (OT) 37
19 Mn75010Br3 0.5 M H,SO, 500 h at 10 mA cm‘zgeo (OT) 19
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pH 2 HzSO4 with

20 ¥-MnO; 0.5 M NaySOs 8000 h at 10 mA cm?ge, (OT) 16
21 F-Cu1sMn1 504 pH 0.3 H,SO4 24 h at 16 mA cm?Z, (OT) 38
22 FeNs/NF/EG 0.5 M H2S04 24 h at 20 mA cmZge, (OT) 39
23 Mn,SbO; 1 M HSO0, 2hat10 mA cm?2ge, (OT) 40
24 CoFePbOx 1 M H3S04 13 hat 100 mA cm?2g, (OT) 41
25 CoFePbOy 1 M H2SO4 7 h at 500 mA cmZg, (OT) 41
26 C030./C 05MH.SO;  86.8hat 100 MA cm2ge, (LT) 42
27 C0304 pH 1 H2S04 7hat100 mA cmZe (LT) 43
28 y-MnO, pH 1 H2S04 33 h at 100 mA cm?2 (LT) 43
29 C0:MnO4/FTO pH 1 H2S04 326 h at 100 MA cM2ge (LT) 43
30 Co,MnOL/FTO pH 1 Pi 1440 h at 100 MA cm2e, (LT) 43
31 C02MnO4/PtTi mesh pH 1 Pi 1500 h at 200 MA cm?24e, (LT) 43
32 Co:MnOL/FTO pH 1 Pi 220 h at 200 MA cm2ge, (LT) 43
33 Co:MnOL/FTO pH 1 H2SO4 56 h at 200 MA cmZge, (LT) 43
34 C0:MnO4/FTO pH 1 Pi 72 hat 500 mA cm2e, (LT) 43
35 Co:MnOL/FTO pH 1 H2SO4 20 h at 500 mA cmZge, (LT) 43
36 CooMnOL/FTO pH 1 Pi 7.5 hat 1000 mA cm?2ge (LT) 43
37 C0:MnO4/FTO pH 1 H,S04 2.8 hat 1000 MA cm2geo (LT) 43

aPi: phosphate additive.
The reported stability is shown as either operation time (OT, time length of electrolysis)

or lifetime (LT, time until deactivation).
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Supplementary Notes

Supplementary Note 1. The pair distribution function.

The pair distribution function (PDF), gives the weighted probability of detecting any pair
of atoms separated by a distance r. The pair distribution function g(r) is defined as:

1
g(r) =m2i2j¢i5(7’—7’i1) 2)
where po is the average number density of atoms, N is the total number of atom, rj; refers
to the distance between the ith and jth atoms in the system containing N atoms, and J'is
the Dirac delta function whose integral equals to one only when r = rj. In practice, the
reduced atomic pair distribution function G(r) is used more frequently:

G(r) = 4mrpolg(r) — 1] ©)

G(r) can be calculated directly from the measured total scattering function S(Q) through
the Fourier transform:

G(r) == ,7QIS(Q) — 1]sin (Qr) dQ @)

where Q is the amplitude of transferred momentum calculated by the difference between
scattered and incident wavevectors. S(Q) can be calculated from the measured coherent
scattering intensity lcon(Q):

_ 1 M-S alri@l?
S@=1+ IZcifi@)? ®)
where ci is the atomic concentration of the ith type of element and f '(Q) is its atomic X-
ray scattering factor or neutron scattering length. The coherent scattering intensity lcon(Q)
can be directly collected from the experimentally measured total intensity 1(Q) when
properly corrected for factors such as incoherent intensity, background noises, detector
efficiency, and multiple scattering.

Bond lengths are commonly determined directly from the peak position. The
coordination number of an atom-atom correlation, or the number of neighbors at a specific
distance, can be obtained from the integrated intensity under a PDF peak. Additionally,
information about the static and dynamic disorder of atoms involved in the pair can be
revealed by the width of PDF peaks.

The real-space Rietveld method is a powerful and widely used technique for obtaining
a quantitative solution of the local structure from the G(r) pattern. This method is similar
to the well-established Rietveld analysis in diffraction-based crystallography. However,
the conventional Rietveld method only refines the Bragg peaks and arbitrarily treats the
diffusion signals as background, resulting in an average structure of a given model. In
contrast, the real-space PDF Rietveld refinement deals with total scatterings (both
diffraction and diffusion), which contains local disorders deviating from the average
structure. Popular programs for performing real-space Rietveld refinement include
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PDFgui* and DiffPy-CMI*. A structural model is built with a unit cell containing
fraction-coordinated atoms, and then the structural parameters are refined using a least-
square method for the best G(r) description. For more details regarding the PDF analysis,
please refer to the original book by Egami et al.* and the review paper by Zhu, H. et al ..

Supplementary Note 2. The refinement of pair distribution function.

The model of y-MnO. was constructed following a procedure described in the
literature®®#’, where it was shown that G(r) of y-MnO; can be described by the weighted
sum of ramsdellite (R-MnOz, space group Pbnm) and pyrolusite (B-MnO3, space group
P4,/mnm). Refinements were carried out in the range of 1.0-20.0 A in 0.01 A steps. The
values of the instrument parameters Qgamp and Qoroad for y-MnO2 were fixed to those
derived from the fitting of the pure B-MnO. standard sample. Refinement of the
parameters for y-MnO; was conducted using the following procedural steps. 1. The scale
factors of B-MnO2 and R-MnO; phase in M94% were refined. 2. The cell parameters of
the B-MnO. phase were refined while those of R-MnO; were fixed, as the percentage of
the R-MnO; phase was low. 3. The atomic coordinates of the 3-MnO phase were refined
with the appropriate constraints considering the symmetry of the phase. 4. The isotropic
atomic displacement parameters (ADPs) of Mn and O atoms were refined. 5. The linear
atomic correlation factor deltal was refined. The isotropic ADPs and deltal were
constrained to have the same value for the f-MnO2 and R-MnO- phases. 6. The particle
size effect parameter spdiameter was refined. The same value of spdiameter was used for
the B-MnO. and R-MnO> phases. 7. All of the above procedures were initially repeated
sequentially, and were then gradually conducted simultaneously to avoid falling into false
local minima. 8. The result of M94% after the refinement was employed as the initial
model for M85%. A similar procedure was performed for M85%. 9. The result of M85%
was used as the initial model for M67%, and that of M67% was used for M60%. The
structure parameters of the R-MnO- phase in M67% and M60% were also refined. 10.
The structural parameters of the R-MnO> phase in M60% were used for the re-refinement
of the other samples and for updating the structure models of the R-MnO; phase. 11. All
of the parameters were carefully examined to determine whether they were chemically
and physically plausible. Refinement parameters for the y-MnO> samples are provided in
Supplementary Table 1.

Supplementary Note 3. Validation of Egs. 4 and 5 in the main manuscript.
To validate Eq. 5, we assumed a typical adsorbate evolution mechanism (AEM) of OER

on the OV site of y-MnOy, as illustrated in Supplementary Figure 50 (the black arrows
and labels). The elementary steps of AEM can be written as:

* + H,0 — *OH + (H™+e) (6)
*OH — *O + (H*+¢") (7

*0 + H20 — *OOH + (H +¢") (8)
*OOH — O2(g) + (H™+e) + * 9)
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To calculate the reaction free energies of Supplementary Equations 6-9, we need calculate
the adsorption free energies of *O [G(*O)], *OH [G(*OH)], and *OOH [G(*OOH)] at
first, with reference to the energy of gas-phase H>O at 0.035 bar and H». Note that, the
gas-phase H.O at a pressure of 0.035 bar is in equilibrium with liquid H2O at 298.15 K,
I.e., the chemical potentials of them are equal. Hence the gas-phase H20 at 0.035 bar can
be used as the reference. Then the reaction free energies of Supplementary Equations 6-
9 at 0 V vs. RHE can be calculated via the following equations, based on the well-known
computational hydrogen electrode (CHE) model“®.

AGs = G(*OH) (10)

AG7 = G(*0) — G(*OH) (11)
AGg = G(*OOH) — G(*O) (12)
AGg = 4.92 [eV] — G(*OOH) (13)

Here, the total energy difference of OER (4.92 eV), H20 and H> were used as reference
to calculate the AGe (Supplementary Equation 13) due to the limitations in accurately
describing the high-spin ground state of O> molecule in DFT calculations. This method
has been used widely in DFT study of OER*%%,

For lattice O dissolution, the elementary steps of Ojatice dissolution (Eq. 2 and Eqg. 3)
are equivalent to the last two steps (Supplementary Equations 8 and 9) of AEM on the
OV site, as shown in Supplementary Figure 50 (the blue arrows). Hence, the reaction free
energies of Eq. 2 and Eq. 3 are equal to AGg and AGg, respectively, demonstrating Eq. 5
is valid.

Supplementary Note 4. Derivation of Eq. 8

Theoretically, the Gibbs free energies (G) of a system can be calculated via the following
equation:

G=U+pV-TS (14)
where U is the internal energy, which should include the terms of DFT energy (EP™T),
ZPE, and the energy of thermal contribution. The energy of thermal contribution can be
calculated by integrating the heat capacity [Cp(T)] up to the relevant temperature. Thus,

U=EPT+ZPE+ [ C,(T)dT (15)
The term pV is usually assumed to be negligible. In addition, the thermal contribution was
also not considered in this study. In this case, the G(Mnx-102x) and G(MnyxO2x) in Eq.7

can be written as:
G(M nx-102x) = E(Mnx-102x)DFT + ZPE(Mnx-102x) — TS(Mnx-]_OZx) (16)
G(M nx02x) = E(M nx02x)DFT + ZPE(Mnx02x) — TS(Mnx02x) (17)

where E(Mnx-102x)°FT and E(MnxO2x)PFT represent the DFT energies of Mnx.1Oz« and
MnyxO2, respectively, and ZPE and S represent zero-point energy and entropy,
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respectively. Thus,
G(M nx-]_02x) - G(M nx02x) = E(M nx-102x)DFT— E(MnxOZ)()DFT + AZPE —TAS (18)
where

AZPE = ZPE(Mnyx-102x) — ZPE(MnxO2)

= ZPE(Mny102:) — [ZPE(Mnx.102«) + ZPE(Mniatice)] (19)
AS = S(Mnx-102x) - S(Mnx02x)
= S(Mnx-102x) — [S(Mnx-102x) + S(Mniattice)] (20)

Here, we have assumed the ZPE(MnxO2x) can be decomposed into ZPE(Mnx-102x) and

ZPE(Mnatiice), and the S(MnxOax) can be decomposed into S(Mnx-102x) and S(Mniatice).

In addition, the change of ZPE and S of Mnx-102« before and after reaction is assumed to
be negligible. Thus,

AZPE = —ZPE(Mnjattice) (21)

AS = —S(Mnattice) (22)

Combining Egs. 7, Supplementary Equations 18, 21, and 22, we can obtain Eq. 8. For

Mniatice, all vibrational models were treated to estimate the entropy. The entropy

contributions from these vibrational frequencies (v;) were evaluated using the harmonic

normal mode approximation as*’:

hv;/kgT —h:
Sip = ko T [ iosa— — In(1 — e~"i/keT) | (23)

where kg is Boltzmann constant, h is Planck constant, and T represents temperature.
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