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Section S1. Additional SEM images of as-synthesized a-MnO:

Figure S1. Additional SEM images of a-MnO; synthesized at 60°C/8h. (a) Overview of
secondary particles and (b) at higher magnification showing a sea-urchin where the spine-
shell has come off the microsphere-core.

Figure S2. Additional SEM images of a-MnO; synthesized at 80°C/4 h. (a) Overview of
secondary particles, (b), (c) and (d) higher magnification SEM images of broken sea-urchins
revealing a hollow inner core.
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Figure S3. Additional SEM images of a-MnO: synthesized at 80°C/8h. (a) Overview of
secondary particles, (b) and (c) higher magnification SEM images of broken sea-urchins
revealing a hollow inner core.
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Section S2. Additional PXRD data of as-synthesized a-MnO:

Table S1. Summarized angular positions of (21 1) (26 11)) and (6 0 0) crystallographic
planes (266 00) as well as calculated d-spacings and lattice parameters a=b and c of as-
synthesized a-MnO,.

oa-MnO, 2611y 26600 d° a=b"
T/t ° ° A TR A
40°C/4h  37.75 56.09 238 983 2.83
40°C/8h 37.75 56.12 238 983 283
40°C/16h 3768 5599 239 985 285
60°C/4h  37.71 56.10 2.38 9.83 2.84
60°C/8h 3767 56.03 239 984 284
60°C/16h 37.77 56.24 238 9.81 2.83
80°C/4h 3781 5635 238 979 283
80°C/8h 37.62 56.16 239 9.82 285

80°C/1h6 37.73 56.16 238 9.82 2.84
ag=—"2a g ) =1.4506 Al

- 2 sin 9(21 1)

b1 _ Mk Pos
dh k1 Gz C2
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Section S3. SEM-EDX and XPS elemental analysis of as-synthesized a-MnO:

Section S3.1. SEM-EDX

2o

Figure S4. SEM-EDX area analysis of as-synthesized a-MnO: at 500x magnification and
15 kV acceleration voltage. (a) 40°C/4h, (b) 40°C/8h, (c) 40°C/16h, (d) 60°C/4h, (e) 60°C/8h,
(f) 60°C/16h, (g) 80°C/4h, (h) 80°C/80 and (i) 80°C/16h. Green and cyan squares mark the
areas where EDX was carried out.
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Table S2. Summarized elemental compositions of Mn, O, K and Ag as obtained from SEM-EDX area analysis of as-
synthesized a-MnQO; at 500x magnification and 15 kV acceleration voltage (Figure S4). C was deducted from EDX spectra as
carbon sputter coating was applied for preparing the samples and the samples were fixed on carbon tabs.

Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4
a-MnO; v 0 K Ag Mn 0 K Ag Mn ) K Ag Mn ) K Ag

T/t at-% at-% at-% at-% at-% at-% at-% at-% at-% at-% at-% at-% at-% at-% at-% at-%

40°C/4h 45.77 53.00 0.65 0.58 44.68 54.01 0.67 0.64 50.68 48.09 0.65 0.58 46.87 51.89 0.68 0.56
40°C/8h 38.01 60.57 0.86 0.56 36.41 62.08 0.92 0.51 36.90 61.65 0.91 0.54 37.43 61.05 0.97 0.56
40°C/16h 34.90 63.35 1.22 0.54 34.25 63.97 1.36 0.41 36.63 61.52 1.45 0.39 35.24 62.92 143 0.41
60°C/4h 41.07 56.89 1.53 0.52 40.01 58.28 1.24 0.47 41.08 56.83 1.57 0.52 41.97 56.09 1.46 0.48
60°C/8h 45.95 51.74 1.79 0.52 4577 51.98 1.75 0.50 43.99 53.85 1.75 0.41 43.21 54.57 1.74 0.48
60°C/16h 41.56 55.61 2.39 0.44 43.03 53.95 2.51 0.51 43.05 54.18 2.35 0.42 42.39 54.38 2.60 0.63
80°C/4h 38.71 57.53 2.89 0.87 37.62 59.19 242 0.77 37.33 59.16 2.85 0.67 38.83 57.78 2.62 0.76
80°C/8h 37.66 59.19 2.50 0.66 36.94 59.91 2.50 0.64 37.71 59.01 2.61 0.67 36.69 59.80 2.82 0.69
80°C/16h 39.28 57.41 2.57 0.74 39.20 57.30 2.68 0.83 39.99 56.66 2.65 0.70 40.85 55.56 2.87 0.72
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Section S3.2. XPS

1/ a u

Figure S5. XP survey spectra of as-synthesized a-MnOz. Cyan areas highlight features
used for the determination of Mn, O, K, Ag and C elemental (surface) compositions. Prior
to fitting, XPS raw data was charge corrected by Binding energy (BE) shifts of C-C/C-H
partial emissions as obtained from resolved high-resolution C 1s core-level photoemission
spectra and C-C/C-H line position of adventitious carbon located at 284.8 eV.*> A Shirley-
type background was applied to the charge corrected raw data.® Elemental compositions
were calculated from relative areas of fitted high-resolution Mn 2ps/2, O 1s, K 2p, Ag 3ds,2
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and C 1s core-level photoemission spectra using CasaXPS processing software.
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Table S3. Summarized elemental (surface) compositions of Mn, O, K and Ag as calculated
from relative areas of fitted high-resolution Mn 2ps/, O 1s, K 2p and Ag 3ds,> core-level
photoemission spectra of as-synthesized a-MnO. using CasaXPS processing software
(Figure S5). C as derived from high-resolution C 1s core-level photoemission spectra was
deducted as it is regarded a surface contamination due to air exposure during sample

preparation.’

a-MnO, Mn 2p3/2 O_1s K2p Ag 3d5/2
T/t at.-% at-% at-%  at-%
40°C/4h 30.31  66.75 1.69 1.25
40°C/8h 30.81 65.56 2.68 0.95
40°C/16h  30.89 65.13 3.28 0.69
60°C/4h 30.10 65.81 3.50 0.59
60°C/8h 30.02 6552 3.99 0.47
60°C/16h  30.08 65.21 4.34 0.37
80°C/4h 2942 65.81 433 0.44
80°C/8h 30.21 6475 4.57 0.45
80°C/16h 3325 6417 2.11 0.47
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Section $3.3. Comparison of SEM-EDX and XPS elemental compositions

80 -
60

,,,,,,

Element

Figure S6. Comparison of SEM-EDX (gray columns) and XPS (gray-red graded columns)
elemental compositions of as-synthesized a-MnO:x. (a) 40°C/4h, (b) 40°C/8h, (c) 40°C/16h,
(d) 60°C/4h, (e) 60°C/8h, (f) 60°C/16h, (g) 80°C/4h, (h) 80°C/8h and (i) 80°C/16h. Columns
representing the results from XPS are inserted into the gray columns of EDX in order to
emphasize the different information depths of both techniques.

In general, both EDX and XPS agree well demonstrating as-synthesized a-MnO> to
mainly consist of manganese (Mn) and oxygen (O), that can be certainly related to MnO,.
Moreover, minor portions of potassium (K) and silver (Ag) are detectable, though EDX and
XPS vyield slightly different results. This is due to different information depths of both
techniques.® While the information depth of EDX, or the electron beam at 15 kV
accelerating voltage, respectively, can be considered to range a few microns and thus
probes almost complete (bulk) particles,® XPS gives the elemental composition to a depth
of ~10 nm, that is the near surface, or outer region of the particles, respectively.’0!
Accordingly, variations in elemental compositions can be used for elucidating
inhomogeneities, e.g., concentration gradients across the particles. In the light of this,
higher elemental contents derived by XPS are to be interpreted as a concentration
gradient towards the outer of the particles, and, vice versa, an increasing concentration
gradient towards the nucleus of the particles can be assumed when EDX detects higher
elemental contents. On the other hand, equal contents indicate an elemental composition
to be homogeneous over the cross-section of particles. Accordingly, two- to threefold
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higher K contents by XPS as compared to EDX, which are almost evenly increasing by
increasing the temperature and dwell time of the synthesis, are representative for an
increasing concentration gradient of K towards the outer of the particles. However, except
for a-MnQO; sea-urchins synthesized at 80°C/16h, where a higher K content by EDX
denotes a concentration gradient towards the nucleus of the particles. Meanwhile, a
comparison of Ag contents demonstrates concentrations gradients towards the surface,
the core, as well as a homogeneous distribution for a-MnO. synthesized at <60°C/4h,
>60°C/60h and 60°C/8h, respectively. Interestingly, the Ag concentration gradient is
reversing at synthesis conditions giving rise to the spike shell leading to the assumption
that the sea-urchin-like structure is preferentially occupied during a depletion, or even in
absence of Ag, respectively.
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Section S4. Resolved high-resolution C 1s core-level photoemission spectra

of as-synthesized a-MnO: and reference Mn oxides

Section S4.1. As-synthesized a-MnO:
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Figure S7. Resolved high-resolution C 1s core-level photoemission spectra of as-
synthesized a-MnQO; including percentage residuals and goodness of fit parameters. Prior
to fitting a Shirley-type background was applied to the raw data® C1s core-level
photoemission spectra were resolved by means of three components, i.e,, O-C=0, C-O-C
and C-C/C-H partial emissions,' ™ respectively, using a total of three Voigt line profiles
with BE positions, Lorentz-Gauss mixing parameters (L/G ratios) and full width at half
maxima (FWHM) as suggested by Fityk evaluation software. The shift in binding energies
of C-C/C-H partial emissions as obtained from resolved high-resolution C 1s core-level
photoemission spectra and C-C/C-H component of adventitious carbon located at
284.8 eV were determined,* subsequently, charge correction was carried out by rigidly
applying the same BE shift to all signals of the respective sample.’. Percentage residuals
(R), its mean absolute deviation (R), chi-squared (x?), reduced chi-squared (x*?), and Abbe
criteria are ranging from +5% to +7.5%, 1.40-2.19%, 7.61-31.07, 0.06-0.31 and 0.81-1.04,
respectively, attributing suitable fits. Despite attempts to improve the fit, Abbe of a-MnO>
synthesized at 80°C/8h is limited to a mere 0.33.
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Table S4. Summarized BE positions of O-C=0 (BEo-c-0), C-O-C (BEc-oc) and C-C/C-H
(BEc-cicH) components as obtained from resolved high-resolution C1s core-level
photoemission spectra of as-synthesized a-MnO; (Figure S7). The values are derived from
charge corrected signals.

a-MnO, BEg.c-o BEco-c BEC-C/C-HG

T/t eV eV eV

40°C/4h  288.61 285.91 284.80

40°C/8h 28851 285.69 284.80

40°C/16h 288.56 285.81 284.80

60°C/4h 28839 286.18 284.80

60°C/8h  288.51 286.11 284.80

60°C/16h 288.38 286.14 284.80

80°C/4h  288.60 28580 284.80

80°C/8h 28792 28574 284.80

80°C/16h 288.55 285.79 284.80

9BEc-c/c-H=284.8 eV=const. due to

charge correction of C-C/C-H partial

emissions as obtained from resolved

high-resolution C 1s core-level photo-

emission spectra and C-C/C-H

component of adventitious carbon

located at 284.8 eV.
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Section S4.2. Reference Mn oxides
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Figure S8: Resolved high-resolution C 1s core-level photoemission spectra of reference
Mn oxides including percentage residuals and goodness of fit parameters. Prior to fitting
a Shirley-type background was applied to the raw data.® C 1s core-level photoemission
spectra were resolved by means of three components, i.e., O-C=0, C-O-C and C-C/C-H
partial emissions,’>'* respectively, using a total of three Voigt line profiles with BE
positions, L/G ratios and FWHM as suggested by Fityk evaluation software. The shift in
binding energies of C-C/C-H partial emissions as obtained from resolved high-resolution
C 1s core-level photoemission spectra and C-C/C-H component of adventitious carbon
located at 284.8 eV were determined,* subsequently, charge correction was carried out by
rigidly applying the same BE shift to all signals of the respective sample.® R, Ry, X%, x** and
Abbe criteria are ranging from +5% to £7.5%, 1.73-2.16%, 5.14-12.14, 0.08-0.12 and 0.97-
1.05, respectively, attributing sufficiently accurate fits.
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Table S5. Summarized BE positions of O-C=0 (BEo-c-0), C-O-C (BEc-oc) and C-C/C-H
(BEc-cicH) components as obtained from resolved high-resolution C1s core-level
photoemission spectra of reference Mn oxides (Figure S8). The values are derived from
charge corrected signals.

a
Mn oxide BEZ;;_O BE;;)-C BEC;:\//C-H
a-MnO;-SF 288.45 286.09 284.80
MnO; activated 288.43 28564 284.80
Mn20s 28846 28565 284.80
Mn304 288.47 286.18 284.08
9BEc-c/c-H=284.8 eV=const. due to charge
correction of C-C/C-H partial emissions as
obtained from resolved high-resolution C 1s
core-level photoemission spectra and
C-C/C-H component of adventitious carbon
located at 284.8 eV
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Section S5. Resolved high-resolution Mn 2p12 core-level photoemission

spectra of as-synthesized a-MnO: and reference Mn oxides

Section S5.1. As-synthesized a-MnO:2
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Figure S9. Resolved high-resolution Mn 2p1,2 core-level photoemission spectra of as-
synthesized a-MnOa. (a) Full Mn 2p1,2 regions highlighting the Mn 2p1/2 main peaks and
(b) magnified Mn 2p1,2 charge-transfer satellites. Fitting was carried out without further
constrains, i.e., using BE positions, L/G ratios (not included) and FWHM (not included) as
suggested by Fityk evaluation software. Mn 2p1,2 main peaks were fitted by means of three
Voigt line profiles, though charge-transfer satellites could be resolved sufficiently accurate
using one Voigt line profile. Energy splittings (AEy, 2P1/z) were determined by the relative

distance of Mn 2p12 main peaks and charge-transfer satellites based on sumfits.”™1®

Percentage residuals and goodness of fit parameters are summarized in Figure S19 and
Table S17.
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Table S6. Summarized BE positions of Mn 2p12 main peaks (BEy, pr) and charge-

transfer satellites (BEsatelite) @s obtained from sumfits of high-resolution Mn 2p1, core-level
photoemission spectra of as-synthesized a-MnO: (Figure S9). Energy splittings (AEu, pr)

were determined by the relative distance of Mn 2p1,> main peaks and charge-transfer

satellites, i.e., based on AEwn 2p, , =BEsatelite-BEwin 2p1/2.15'16
a-MnQO, BEwn 204/ BEgatelite  AEyp, 2P1/2a

T/t ~ v &V Ty

40°C/4h  653.85  665.11 11.26
40°C/8h 654 665.88 11.88
40°C/16h 6539 664.62 10.72
60°C/4h 653.8 664.63 10.83
60°C/8h 653.8 664.98 11.18
60°C/16h  653.7 664.34 10.64
80°C/4h 654 664.78 10.78
80°C/8h 65395 665.88 11.93
80°C/16h  653.8 665.38 11.58

INEptn 21,5 =BEsatellite-BEpmn 2p1)
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Section S5.2. Reference Mn oxides
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Figure S10. Resolved high-resolution Mn 2p1,> core-level photoemission spectra of
reference Mn oxides. (a) Full Mn 2p1/2 regions highlighting the Mn 2p1/2 main peaks and
(b) magnified Mn 2p1,2 charge-transfer satellites. Fitting was carried out without further
restrains, i.e., using BE positions, L/G ratios (not included) and FWHM (not included) as
suggested by Fityk evaluation software. Mn 2p1,2 main peaks were fitted by means of three
Voigt line profiles, though charge-transfer satellites could be resolved sufficiently accurate

using one Voigt line profile. Energy splittings (AEw, 2P1/2) were determined by the relative

distance of Mn 2p1,2 main peaks and charge-transfer satellites based on sumfits.'>®

Percentage residuals and goodness of fit parameters are summarized in Figure $S20 and
Table S18.

Table S7. Summarized BE positions of Mn 2p12 main peaks (BEy, 2P1/2) and charge-

transfer satellites (BEsatelite) as obtained from sumfits of high-resolution Mn 2p1,> core-level
photoemission spectra of reference Mn oxides (Figure S10). Energy splittings (AEy, 2P1/z)

were determined by the relative distance of Mn 2p1,2 main peaks and charge-transfer

satellites, i.e, based on Afy, 5, , =BEsatelite-BEnn 2p1/2.15'16
Mn oxide BEMn 2p 5 BEsa{jIIite AEMn 2p1/za
eV € eV
o-MnO,-SF 653.8 664.52 10.72
MnO; activated 653.65 665.14 11.49
Mn203 653.3 663.34 10.04
Mn304 653.1 663.36 10.26

aAEMn 2p1/2 :BEsatellite'BEMn 2p1/2
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Section S6. Resolved high-resolution O 1s core-level photoemission spectra

of as-synthesized a-MnO: and reference Mn oxides

Section S6.1. As-synthesized a-MnO:
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Figure S11. Resolved high-resolution O 1s core-level photoemission spectra of as-
synthesized a-MnO: including percentage residuals and goodness of fit parameters. O 1s
core-level photoemission spectra were resolved by means of a H-O-H, Mn-OH and Mn-
O-Mn component attributed to carbon-oxygen species, or adsorbed molecular water
(denoted H20aqs), surface adsorbed oxygen with low coordination (0% or O), i.e., surface
OH -like groups, or defective oxygen (denoted Oads), and lattice oxygen (denoted Ojattice),
respectively.”™"® Thus, a total of three Voigt line profiles with L/G=0.25 and BE positions
of H-O-H (H20ads) and Mn-OH (Oags) being constrained were used for the mathematical
deconvolution. In contrary, suitable BE positions for fitting Mn-O-Mn (Ojattice) CcOMmponents
as well as FWHM (not included) were exploited as suggested by Fityk evaluation software.
No adsorbed molecular water (H20ads) could be found for a-MnO: synthesized at
80°C/16h. R, Rs, X%, x** and Abbe are ranging from +7.5 to +10%, 2.39-5.65%, 6.67-204,

0.21-2.20 and 0.81-1.05, respectively, attributing accurate fits.
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Table S8. Summarized BE positions and individual mole fractions of H-O-H (BEw,0, .
Xnp0,,) Mn-OH (BEq_ ., Xo,4,) and Mn-O-Mn (BEo, .. .. Xo,....) COMpoONents as obtained

from the relative areas of Voigt line profiles exploited in the mathematical deconvolution
of high-resolution O 1s core-level photoemission spectra of as-synthesized a-MnO:
(Figure S11). While BEy,o_, =532.45 eV, BEg_, =531.14 eV and L/G=0.25 were constrained,
BE positions for fitting Opatiice cOMmponents (BEg,_,. ) as well as and FWHM (not included)
were used as suggested by Fityk evaluation software. However, suitable BEy . = are
ranging from 529.53-529.86 eV. No adsorbed molecular water (H20ads) could be found for
a-MnO; synthesized at 80°C/16h.
a-MnO,  BE H20, 46 X H20, 4 BEO,4 X045 BEOuice  XOutice
I/t eV mol-% eV _mol-% eV mol-%
40°C/4h  532.45 6.31 531.14 20.81 529.80 72.63
40°C/8h 53245 6.87 531.14 1994 52980 73.18
40°C/16h  532.45 3.28 531.14 2246 529.74 7426
60°C/4h  532.45 569 531.14 19.23 529.66 75.08
60°C/8h 53245 6.36 531.14 17.63 52967 76.01
60°C/16h 53245 1489 531.14 1730 529.53 67.80
80°C/4h  532.45 3.01 53114 19.10 529.80 77.89
80°C/8h 53245 3.61 53114 1943 52980 76.96
80°C/16h — — 531.14 2456 529.86 7544
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Section S6.2. Reference Mn oxides

T P—
°  Raw data Sumfit H-O-H (HyO,4) Mn-OH (O,4,)
2=53.25 A [T Mn-0-Mn (0,,,0) £=465.67
. - AR | o oo
27=0.70 4 % —Shirley-BG r=251 %
Abbe=1.01 ,sf;/ | ——Residuals Al’b":l-(f/;
MO, SF 5 | Mn0, activated__ g
- ‘ R = oo .
R=3.66% H\LRo=4.83% S
= V\/V\/‘/\/\/‘\/\ s sBABAR o P j‘(ﬂ‘tkf\; ~
& T T T T T &=
| p=10832 F=14454
277=164 /7 279=159
Abbe=1.01 y Abbe=0.99 {
/ \
Mn,O L Mn,O 3
M#M‘//f\ g N S
f oo S ’ I s Y _
. ,/\\jqu\[?a:,ﬁ‘~81%'/\,‘ I r’wij,\Pvm\J\fﬂ*"”ﬁ L
I/J\,\’\]J\ (88 VW\\] ¥ o '\7\/\/ F IR RL ) ".{\\;/'\]‘ﬁ \7\)‘[""‘4“'\?“\\/ It . 0 e
A . SN SN SN . S — T WS
536 534 532 530 528 536 534 532 530 528
BE / eV

Figure S12. Resolved high-resolution O 1s core-level photoemission spectra of reference
Mn oxides including percentage residuals and goodness of fit parameters. O 1s core-level
photoemission spectra were resolved by means of a H-O-H, Mn-OH and Mn-O-Mn
component attributed to carbon-oxygen species, or adsorbed molecular water (denoted
H20ads), surface adsorbed oxygen with low coordination (0% or O), i.e., surface OH™-like
groups, or defective oxygen (denoted Oads), and lattice oxygen (denoted Oiattice),
respectively.”"® Thus, a total of three Voigt line profiles with BE positions of H-O-H
(H20ads) and Mn-OH (Oads) components as well as L/G=0.25 being constrained were used
for the mathematical deconvolution. In contrary, suitable BE positions for fitting
Mn-O-Mn (Ojatiice) components as well as FWHM (not included) were exploited as
suggested by Fityk evaluation software. No adsorbed molecular water (H20ads) could be
found for a-MnQO,-SF. R, Rs, x*, x** and Abbe are ranging from +7.5% to +10%, 3.66-4.83%,
53.25-465.67, 0.70-2.57 and 0.99-1.02, respectively, indicating sufficiently accurate fits.
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Table S9. Summarized BE positions and individual mole fractions of H-O-H (BEw,0, .
Xnp0,,) Mn-OH (BEq_ ., Xo,4,) and Mn-O-Mn (BEo, .. .. Xo,....) COMpoONents as obtained

from the relative areas of Voigt line profiles exploited in the mathematical deconvolution
of high-resolution O 1s core-level photoemission spectra of reference Mn oxides (Figure
$12). While BEy,o,, =532.45 eV, BEg , =531.14 eV and L/G=0.25 were constrained, BE

positions for fitting Oattice cOMponents (BEg, .. ) as well as FWHM (not included) were used
as suggested by Fityk evaluation software. However, suitable BEg_ _ are in the range of
529.43-529.87 eV. No adsorbed molecular water (H2Oads) could be found for ae-MnO;-SF.
BEw,0,4 XHo0,,, B0,  X0.ss  BEOuiice XOutice

Mn oxide
eV mol-% eV mol-% eV mol-%
a-MnQO;-SF — — 531.14 29.53 529.64 7047
MnO; activated 53245 7.81 531.01 16.73 52943 75.46
Mn>03 532.45 1.25 531.01 2573 529.70 73.02
Mn304 532.45 1.29 531.01 27.19 52987 71.52
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Section S7. Resolved high-resolution Mn 3s core-level photoemission

spectra of as-synthesized a-MnO:z and reference Mn oxides

Section S7.1. As-synthesized a-MnO;
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Figure S13. Resolved high-resolution Mn 3s core-level photoemission spectra of as-
synthesized a-MnO.. Mn 3s photoemission spectra were resolve by means of a Voigt line
profile each for the main peak and satellite using BE positions, L/G ratios (not included)
and FWHM (not included) as suggested by Fityk evaluation software. Energy splittings
(AEwmn 35) are determined by maxima of single Voigt line profiles. Average oxidation states
(AOS) are calculated based on AOS=8.95-1.13 AEwmn3:.2%2® Percentage residuals and
goodness of fit parameters are summarized in Figure S21 and Table S19.

S23



Table S10. Summarized BE positions of Mn 3s main peaks (BEwn 3s) and satellites (BEsateliite)
as obtained from single Voigt line profiles of resolved high-resolution Mn 3s core-level
photoemission spectra of as-synthesized a-MnO; (Figure S13). Energy splittings (AEmn 3s)
are determined based on AEwmn 3s=BEsatelite-BEmn 3s. Average oxidation states (AOS) are
calculated by AOS=8.95-1.13 AFwn 35.2°72°
a—Mn02 BEMn 3s BEsateIIite AEMn 35a
T/t eV eV eV

40°C/4h 84.27 89.30 5.03 3.26
40°C/8h 84.40 89.30 4.90 3.41
40°C/16h  84.30 89.15 4.85 3.47
60°C/4h 84.11 88.96 4.85 3.47
60°C/8h 83.30 88.90 4.60 3.75
60°C/16h  84.10 88.80 4.70 3.64
80°C/4h 84.31 89.18 4.88 3.44
80°C/8h 84.45 88.85 4.40 3.98
80°C/16h  84.05 89.16 5.11 3.18
9NEnn 35=BEsatellite-BEmn 35

A0S=8.95-1.13 Abun 3s

AOS®
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Section S7.2. Reference Mn oxides
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Figure S14. Resolved high-resolution Mn 3s core-level photoemission spectra of
reference Mn oxides. Mn 3s photoemission spectra were resolve by means of a Voigt line
profile each for the main peak and satellite using BE positions, L/G ratios (not included)
and FWHM (not included) as suggested by Fityk evaluation software. Energy splittings
(AEwmn 35) are determined by maxima of single Voigt line profiles. Average oxidation states
(AOS) are calculated based on AOS=8.95-1.13 AEwmn3:.2%2® Percentage residuals and
goodness of fit parameters are summarized in Figure S22 and Table S20.

Table S11. Summarized BE positions of Mn 3s main peaks (BEwn 3s) and satellites (BEsateliite)
as obtained from single Voigt line profiles of resolved high-resolution Mn 3s core-level
photoemission spectra of reference Mn oxides (Figure S14). Energy splittings (AEwmn 35) are
determined based on AEmn3s=BEsatelite-BEmn3s. Average oxidation states (AOS) are
calculated by AOS=8.95-1.13 AFwn 35.2°2°

BEMn 3s BEsateIIite AEMn Ssa
. ——WMnss b
Mn oxide eV eV eV ACE

a-MnQO,-SF 84.20 89.00 4.80 3.52
MnQO:; activated 83.90 89.05 5.15 3.13
Mn;03 83.42 88.87 5.44 2.80
Mn304 83.16 88.80 5.63 2.58

aAEMn 35:BEsateIIite'BEMn 3s
®A05=8.95-1.13 AEmn 35
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Section S8. Constrained binding energy positions of Voigt line profiles used
for the mathematical deconvolution of high-resolution Mn 2ps/2 core-level

photoemission spectra

Table S12. Constrained BE positions of Voigt line profiles used for the mathematical
deconvolution of high-resolution Mn 2ps/» core-level photoemission spectra. (a) Mn**, (b)
Mn3* and (c) Mn?*.

(@)

BE, LBE,, BE, BL,, BE, LBE,, BE, ABE,; BE, DBL, BL
eV eV eV eV eV eV eV eV eV eV eV
642.10 0.78 64288 059 64347 0.70 644.17 078 64495 091 645.86
(b)

BE;  ABE7s  BEg  ABEgy  BEg  ABEgsq  BEig  ABEygnq  BEyy  ABEyqp  BEy;
eV eV eV eV eV eV eV eV eV eV eV
640.85 0.79 64164 0.68 642.32 0.76 643.08 0.82 643.9 0.84 644.74
(©
BEi;  MBEypng BEyy  ABEyys  BE;s  ABEispg  BEig ABEyg;  BEi; ABEy745  BEgg
eV eV eV eV eV eV eV eV eV eV eV

639.35 1.04 640.39 0.76 641.15 0.88 642.03 1.08 643.11 1.09 644.20

S26



Section S9. Resolved high-resolution Mn 2ps32 core-level photoemission

spectra of reference Mn oxides

T
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Figure S15. Resolved high-resolution Mn 2p3,; core-level photoemission spectra of
reference Mn oxides including percentage residuals and goodness of fit parameters.
Fitting was carried out by considering up to six Voigt line profiles for the Mn**, Mn3* and
Mn2* component,?’ respectively, with BE positions (Table $16), L/G=0.5 and FWHM=1.02
being constrained. R, Rs, X%, x*> and Abbe are ranging from +2.5% to +7.5%, 0.14-4.26,
15.95-104.88, 0.20-1.15 and 0.99-1.15 indicating the fits are suitable as well as sufficiently
accurate accomplished.
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Section S10. Individual mole fractions of Mn**, Mn®* and Mn?" components as obtained from the

mathematical deconvolution of high-resolution Mn 2ps3> core-level photoemission spectra of as-

synthesized a-MnO; and reference Mn oxides

Section S10.1. As-synthesized a-MnO>

Table S13. Summarized individual mole fractions of Mn*" (X

) M3t (X 50) and Mn®* (X, 2.) components of as-

synthesized a-MnO;. Mole fractions are equivalent to the relative areas of Voigt line profiles used for the mathematical
deconvolution of high-resolution Mn 2ps/> core-level photoemission spectra.

X,

X,

a-MnO, XMn“ Mn** Mn?*
7 mol-% mol-% mol-%

BE; BE> BE3 BEs  BEs BEs XXyt BEs BEg BEs  BEw BEw  BEwa  ¥Xyp3+ BEiz  BEw  BEis  BEws  BEiz  BEig  XXy2r
40°C/4h 1429 1456 910 378 264 170 4607 1257 1759 1439 380 400 158 53.93 - = = — — — —
40°C/8h  18.04 1068 914 406 346 120 4658 1204 1431 1416 787 376 128 53.42 - - = — — — —
40°C/16h  21.18 1641 1003 514 212 1.58 56.46 1394 1572 845 236 193 114 43.54 — — — — — — —
60°C/4h  19.67 1412 773 475 288 1.16 50.31 1599 1801 867 415 233 0.53 49.68 — — — — — — —
60°C/8h 2229 1891 958 392 1.71 1.65 58.06 1219 1797 498 — 232 21 39.57 — — — — 238 — 2.38
60°C/16h 2165 1779 737 399 190 104 5374 1825 2037 281 — 157 13 44.31 - = = — 195 — 1.95
80°C/4h 2129 1262 934 489 240 179 5233 1084 1219 1175 6.69 3.18 153 46.18 - — — 150 — — 1.50
80°C/8h 2498 1691 1253 647 292 126 6507 11.07 1185 818 240 — 064 34.14 - —  — 077 001 — 0.78
80°C/16h 1126 1239 742 213 218 1.87 37.25 1774 1837 1517 449 5.21 1.75 62.73 — — — — — — —
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Section S10.2. Reference Mn oxides

Table S14. Summarized individual mole fractions of Mn** (X, 4), Mn** (X

Mn3+

) and Mn?* (Xy,2+) components of reference

Mn oxides. Mole fractions are equivalent to the relative areas of Voigt line profiles used for the mathematical deconvolution
of high-resolution Mn 2ps/> core-level photoemission spectra.

Xyn+ Xyn3+ Xyn2+
Mn oxide mol-% mol-% mol-%
BEq BE> BEs  BEs  BEs BEs XXyt BE7 BEs BEs BEwo  BEn1  BEw  ¥Xyp3+ BEi  BEu BEis  BEws  BEiz  BEig  ¥Xy2r
a-MnO,-SF 1797 16.82 951 522 304 142 53.98 1274 1854 735 — 081 008 39.52 — 518  1.31 — — — 6.49
MnO: activated 221 1628 840 397 241 012 3339 1232 3481 1807 — 119 022 66.61 — — — — — — —
Mn20s3 — — — — 008 115 1.23 1023 1875 1915 11.87 534 286 6820 — 1459 1476 120 — — 30.55
Mn3O04 — — — — — 1.04 1.04 248 12.07 1334 1089 472 3.14 4664 388 2241 1944 658 — — 52.31
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Section S11. Further XPS analysis of as-synthesized a-MnO; and reference

Mn oxides

Section S11.1. As-synthesized a-MnO>
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Figure S16. Resolved high-resolution K2s, Ag3ds:y»> and Ag3ds. core-level
photoemission spectra of as-synthesized a-MnO; including percentage residuals and
goodness of fit parameters. K 2s, Ag 3dsz> and Ag 3ds> photoemission spectra were
resolved by means one Voigt line profile each using BE positions, L/G ratios (not included)
and FWHM (not included) as suggested by Fityk evaluation software. R, R, x2, x**> and Abbe
are ranging from +5% to +7.5%. 1.60-2.13%, 3.20-21.14, 0.02-0.18 and 0.93-1.00,
respectively, indicating sufficiently accurate fits.
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Table S15. Summarized BE positions of K 2s (BEk2s), Ag 3d32 (BEpg 3d3/2) and Ag 3ds.

(BEAg 3ds,
positions, L/G ratios (not included) and FWHM (not included) were used as suggested by
Fityk evaluation software. However, suitable BE positions for K 2s, Ag 3ds2 and Ag 3ds,2
components are ranging from 376.33-376.84 eV, 373.48-373.83 eV and 367.44-367.84 eV,
respectively.

) components as obtained from single Voigt line profiles (Figure S16). BE

BEpg 3d

a-MnO,  BEy BEpg 3dy 5/2

T/t eV eV eV

40°C/4h  376.84 373.83  367.84
40°C/8h 376.58 37376  367.74
40°C/16h 37643  373.71 357.70
60°C/4h  376.48 373.63  367.60
60°C/8h 37636  373.61 367.60
60°C/16h 376.33  373.48 367.44
80°C/4h  376.57 37375  367.74
80°C/8h  376.58 373.76  367.74
80°C/16h 37641 373.80 367.83
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Figure S17. Resolved high-resolution K 2p1/2 and K 2p32 core-level photoemission spectra
of as-synthesized a-MnO; including percentage residuals and goodness of fit parameters.
For a-MnO:z synthesized at 60°C/8h and 80°C/8h a asymmetric tail towards higher binding
energies could be identified within the K 2p1/2 and K 2p3/> peaks, hence they were resolved
by two Voigt line profiles each in order to obtain an accurate fit. Other as-synthesized a-
MnO; could be resolved by a total of two Voigt line profiles. BE positions, L/G ratios (not
included) and FWHM (not included) were used as suggested by Fityk evaluation software.
R, Ro, X% x** and Abbe are ranging from +5% to +7.5%, 1.26-3.27%, 2.55-21.57, 0.02-0.34
and 0.48-1.06, respectively, indicating sufficiently accurate fits.
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Table S16. Summarized BE positions of K2pi,» (BE 2P1/2) and K2p3p» (BEg ng/z)
components as obtained from maxima of single Voigt line profiles, or sumfits, respectively
(Figure S17). BE positions, L/G ratios (not included) and FWHM (not included) were used
as suggested by Fityk evaluation software. However, suitable BE positions of K 2p1/> and
K 2p32 components are in the range of 294.35-294.80 eV and 291.54-291.93 eV,
respectively.

a-MnO,  BE 2p1/2 BEx 2P3/5
T/t eV eV
40°C/4h 29480 291.93
40°C/8h 29458 291.82
40°C/16h 29453  291.77
60°C/4h 29446  291.68
60°C/8h 29440 291.60
60°C/16h 294.35 291.54
80°C/4h 29459 291.81
80°C/8h 29450 291.70
80°C/16h 294.63 291.88
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Section S11.2. Reference Mn oxides
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Figure S18. Resolved high-resolution K2s, K2p and Na 1s core-level photoemission
spectra of reference Mn oxides including percentage residuals and goodness of fit
parameters. BE positions, L/G ratios (not included) and FWHM (not included) were used as
suggested by Fityk evaluation software. (a) K 2s photoemission spectrum of a-MnO;-SF
was fitted using one Voigt line profile at 376.50 eV. (b) K 2p1,2 and K 2p3/2 photoemission
spectra of a-MnO-SF were fitted using a total of two Voigt line profiles situated at
294.66 eV and 291.84 eV, respectively. (c) Na 1s photoemission spectrum of commercial
MnO:; activated was resolved by one Voigt line profile located at 1071.27 eV. R, Rs, X%, X
and Abbe ranging from +5% to +7.5%, 0.47-3.20%, 13.57-28.00, 0.13-0.39 and 0.93-1.01,

respectively, indicating sufficiently accurate fits.
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Section S12. Additional goodness of fit parameter of resolved XP spectra

Section $12.1. Mn 2p1,> photoemission spectra of as-synthesized a-MnO;

g T g T y T y T
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Figure S19. Percentage residuals of resolved high-resolution Mn 2p12 core-level
photoemission spectra of as-synthesized a-MnO: (Figure S9). Percentage residuals are in
the range of +2,5% to +5% indicating sufficiently accurate fits.

Table S17. Summarized goodness of fit parameters, i.e., Ro, X% x** and Abbe of resolved
high-resolution Mn 2p1/2 core-level photoemission spectra of as-synthesized a-MnO>
(Figure S9). R, X%, x** and Abbe are ranging from 0.71% to 1.18%, 20.57-65.19, 0.08-0.27
and 0.65-1.03, respectively, indicating sufficiently accurate fits.
a-MnO R
TZ % X2  x** Abbe
40°C/4h 0.75 47.89 0.10 0.69
40°C/8h 1.12 65.19 0.27 0.84
40°C/16h 0.71 5429 0.11 0.72
60°C/4h 0.74 3227 0.13 0.91
60°C/8h 0.78 27.05 0.11 0.95
60°C/16h 0.77 28.77 0.12 0.98
80°C/4h 0.72 3046 0.13 0.96
80°C/8h 1.18 20.57 0.08 0.65
80°C/16h 0.77 30.89 0.13 1.03
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Section $12.2. Mn 2p1,> photoemission spectra of reference Mn oxides
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Figure S20. Percentage residuals of resolved high-resolution Mn 2p1,2 core-level
photoemission spectra of reference Mn oxides (Figure S10). Percentage residuals are in
the range of £2,5% to +5% indicating sufficiently accurate fits.
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Table S18. Summarized goodness of fit parameters, i.e., Ro, X% x** and Abbe of resolved
high-resolution Mn 2p1,2 core-level photoemission spectra of reference Mn oxides (Figure
$10). Ry, X% x*? and Abbe are ranging from 0.72 to 0.78%, 30.73-41.24, 0.13-0.17 and 0.90-
1.00, respectively, indicating sufficiently accurate fits.

Mn oxide < x> x** Abbe

%
a-MnO>-SF 0.73 3290 0.14 0.97
MnO:; activated 0.78 4124 017 0.96
Mn20s3 0.72 38.11 0.16 1.00
Mn304 0.74 30.73 0.13 0.90

S36



Section $12.3. Mn 3s photoemission spectra of as-synthesized a-MnO>
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Figure S21. Percentage residuals of resolved high-resolution Mn 3s core-level
photoemission spectra of as-synthesized a-MnO: (Figure S13). Percentage residuals are
in the range of +5% to +7.5% indicating suitable fits.

Table S19. Summarized goodness of fit parameters, i.e., Ro, x° x** and Abbe of resolved
high-resolution Mn 3s core-level photoemission spectra of as-synthesized MnO; (Figure
S13). Ry, X% x** and Abbe are ranging from 2.23% to 3.20%, 12.12-33.92, 0.04-0.19 and
0.97-1.09, respectively, indicating sufficiently accurate fits.

a-MnO R

TZ % X  x** Abbe

40°C/4h  2.61 1212 0.04 0.99

40°C/8h 3.20 26.89 0.10 0.97

40°C/16h 2.23 2389 0.06 1.02

60°C/4h 237 1474 0.12 1.02

60°C/8h 233 1450 0.12 1.00

60°C/16h 250 22.11 0.14 1.04

80°C/4h 236 1398 0.12 1.09

80°C/8h 2.69 3392 0.19 1.01

80°C/16h 2.32 1459 0.11 1.09
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Section $12.4. Mn 3s photoemission spectra of reference Mn oxides
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Figure S22. Percentage residuals of resolved high-resolution Mn 3s core-level
photoemission spectra of reference Mn oxides (Figure S14). Percentage residuals are in
the range of £5% to +7.5% indicating suitable fits.

Table S20. Summarized goodness of fit parameters, i.e., Ro, X% x** and Abbe of resolved
high-resolution Mn 3s core level photoemission spectra of reference Mn oxides (Figure
S14). Ry, X%, x** and Abbe are ranging from 2.02% to 2.20%, 15.73-30.17, 0.11-0.14 and
0.96-1.02, respectively, attributing suitable fits.

Mn oxide Rq x> x** Abbe

%
a-MnQO;-SF 2.07 1573 0.11 0.96
MnO:; activated 2.19 30.17 0.14 0.99
Mn,03 202 2668 0.13 1.01
Mn304 220 2867 0.14 1.02
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Section S13. Detailed discussion on Mn** cation defects based on Ag, K and

oxygen vacancy contents

Assuming Mn3* cation defects are formed as a result of charge conservation, their
contents are too high to have formed exclusively due to interstitial K* and Ag*. However,
as described in the manuscript, the emergence of Mn3* cation defects can also be related
to the formation of surface oxygen vacancies (and vice versa), similarly to the principles of
electroneutrality 242834

In the framework of a thorough examination the portions of various Mn valences
and oxygen species as obtained from the mathematical deconvolution of XP spectra need
to be converted to concentrations relative to total elemental compositions of as-
synthesized a-MnO, i.e., by XPS elemental analysis. (EDX elemental compositions are
disregarded, however, since the information depth of EDX is higher compared to XPS,2
using XPS data is more meaningful here.) Based on the mole fractions of various Mn
valences and oxygen species one is able to compute their concentrations relative to total
elemental compositions of as-synthesized a-MnO. (Table S21).

Table S21. Concentrations of K, Ag, H2Oads, Oads, Otattice: MN**, Mn** and Mn?* relative to
total elemental compositions of as-synthesized a-MnO2 as obtained by XPS elemental
analyses. Concentrations of various oxygen species and Mn valences are computed by
conversion of total elemental contents from CasaXPS according to mole fractions from the
mathematical deconvolution of respective photoemission spectra.

a_MnOZ K’ Agb Hzoadsc OadsC Olatticec ZK,Ag, oads Mn4+d Mn3+d Mn2+d

T/t at-% at.-%| at-% at-% at-% at.-% at-% at-% at-%

40°C/4h | 1.69 125 | 4.21 13.89 48.48 16.83 1396 1635 —
40°C/8h | 2.68 095 | 450 13.07 4798 16.70 1435 1646 —
40°C/16h | 328 0.69 | 2.14 1463 4837 18.60 1744 1345 —
60°C/4h | 350 0.59 | 374 1271 4941 16.80 1514 1495 —
60°C/8h | 399 047 | 417 1155 49.80 16.01 1743 11.88 0,71
60°C/16h | 434 037 | 9.71 11.28 44.21 15.99 16.16 1333 0,59
80°C/4h | 433 044 | 198 1257 51.26 17.34 1540 1359 044
80°C/8h | 457 045 | 234 1258 4983 17.60 19.66 1031 0,24
80°C/16h | 2.11 0.47 — 15.76  48.41 18.34 1239 2086 —

9concentrations by CasaXPS based on K 2p spectra (Table S3).

bconcentrations by CasaXPS based on Ag 3ds,. spectra (Table S3).

‘concentrations by conversion according to mole fractions by the mathematical
deconvolution (Table S8) relative to total oxygen contents by CasaXPS (Table S3)

dconcentrations by conversion according to mole fractions by the mathematical
deconvolution (Table S13) relative to the total manganese contents by CasaXPS
(Table S3)
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As evident from Table S21, K and Ag contents are too low to be the sole origin of Mn3*
cation defect formation. However, upon assuming the formation of surface Mn3* cation
defects to be due to both charge balancing aliovalent dopants as well as surface oxygen
vacancies, the totaled concentrations of K, Ag and Oads (3. K, Ag, Oaqs) (7™ column) agree
very well with concentrations of Mn3* cation defects (9™ column).

Minor deviations between Y K, Ag, O,4; and Mn3* contents can be attributed to
different surface sensitivities of various photoemission spectra, what can be readily
understood from their inelastic mean free pathways (A) based on the binding energy
positions (BE) of the signals in Table S22. Another source of error may lie in the
determination of surface oxygen vacancies, the contents of which cannot be exactly
quantified since other surface adsorbed oxygen species (with low coordination) are
contained within the Oads components as well.

Table S22. Inelastic mean free pathways (A) based on binding energy (BE) ranges of Mn 3s
(main peaks and charge-transfer satellites), K 2p (including K 2p3,2 and K 2p1,2), Ag 3ds,2,
Mn 2p3/2 and Mn 2p1,2 (main peaks and charge-transfer satellites) photoemission spectra
of as-synthesized a-MnQ,. Few material properties of MnO> used for computations, i.e.,
bulk density (osuk=5.03 kg m=), molar mass (M=86.94-10" kg mol"), and number of
valence electrons (Nv=19) as specified in the QUASES-IMFP-TPP2M software, are
indicated. Calculations were carried out using the latest QUASES-IMFP-TPP2M software
v3.0 (QUASES Tougaard Inc, Odense S@, DK, available at QUASES homepage
http://www.quases.com/home/)

BE A
Spectral feature v X
Mn 3s main peak  83.30-84.45 5.38-5.39
satellite 88.80-89.30 5.42-5.43
K 2p3/2 291.54-291.93 8.70-8.71
K 2p1/2 294.35-294.80 8.75-8.76
Ag 3ds)2 367.44-364.84 10.04
O1s 529.45-529.90 12.80-12.81
Mn 2ps/2 641.75-642.20 14.66-14.67
main peak  653.65-654.00 14.85-14.86
Mn 2p12

satellite 664.34-665.88  15.03-15.05

Hence, the formation mechanism of Mn3* cation defects can be attributed to
charge conservation resulting from i) the introduction of K* and Ag* into the 2x2 tunnels,
i.e., interstitial K*/Ag* in a-MnOy, ii) but predominantly from the formation of surface
oxygen vacancies.
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Section S14. Additional ORR activity metrics of as-synthesized a-MnO>

Table S23. Summarized half-wave potentials (Ei2), potentials at -3 mA cm'Gzc (Ej=-3),
diffusion-limiting current densities (j.) and kinetic current densities (jx) of as-synthesized
a-MnO; catalysts as obtained from thin-film rotating disk electrode (TF-RDE)
measurements.

a-MnO, E1/2a Ej:_3a j|_ jk
T/t \Y V_ mAcmg mAcm&

40°C/4h  -043 -0.62 -3.33 0.32
40°C/8h -0.20 -0.23 -4.90 5.03
40°C/16h -0.24 -0.46 -3.56 0.99
60°C/4h -0.22 -0.28 -4.53 2.78
60°C/8h -0.22 -0.36 -4.20 1.81
60°C/16h -0.23 -0.24 -4.90 3.17
80°C/4h -0.19 -0.20 -5.02 7.61
80°C/8h -0.20 -0.23 -4.51 3.33
80°C/16h -0.36 -0.39 -4.57 0.90

9vs. Ag/AgCl (sat. KCI)
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Section S15. N2 adsorption-desorption measurements of as-synthesized

a-MnO;
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Figure S24. (a) N> adsorption-desorption isotherms and (b) Barrett-Joyner-Halenda (BJH)
pore size distribution (PSD) curves of as-synthesized MnO>. Note, isotherms and PSDs are
vertically shifted for clarity.

Table S24. Summarized Brunauer, Emmett and Teller (BET) specific surface areas (BET SA),
modal pore diameters (dpore) from BJH pore size distribution curves, BJH average pore
diameters (dpore) and BJH cumulative pore volumes (Vpore) as obtained from N2 adsorption-
desorption measurements of as-synthesized a-MnQO; (Figure S24).

a-MnO, BETSA dpore dpore Vore

T/t m2g?' nm ym cm3g’

40°C/4h 1840 36 40 0.19

40°C/8h 2146 36 39 0.22

40°C/16h 1716 39 4.1 0.20

60°C/4h 1421 36 438 0.19

60°C/8h 1255 40 6.0 0.18

60°C/16h 1172 38 5.9 0.20

80°C/4h 69.4 39 93 0.15

80°C/8h 70.9 39 96 0.18

80°C/16h  98.2 35 83 0.30

Generally, all as-synthesized a-MnO: exhibit pore condensation and hysteresis, that
is indicative for the presence of mesopores (Figure S24a).3> MnO. synthesized at 40°C/4h
to 60°C/16h exhibit a typical type IV(a) isotherm according to UPAC classification.3®
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Moreover, they are accompanied by H2(b) type hysteresis loops, which are characterized
by a descending desorption branch in consequence of partial network and pore blocking
mechanisms during the desorption.3”38 Furthermore, by increasing temperature and dwell
time of the synthesis capillary condensation is shifted to higher relative pressures, i.e., from
~0.65 to ~0.9, thus indicating increasing mesopore diameters. This is in good agreement
with the modal pore diameters as obtained from PSD curves demonstrating a unimodal
pore size distribution as well as BJH mean average pore diameters (Table S24).
Furthermore, the (single) maxima in the PSD curves are narrow (Figure S24b), that is
indicative of ordered materials possessing well defined pore geometry.3 Contrary, for a-
MnO; samples synthesized at 80°C, wide but less pronounced hysteresis loops exhibiting
parallel adsorption and desorption branches can be observed.*® The adsorption branches
display a hybrid of type | and type IV isotherms accompanied by a composite of H3 and
H4 hysteresis loops. Additionally, a slight cavitation step can be identified within the
desorption branches appearing at relative pressures of 0.45 to 0.55, that is indicative for
the presence of mesopores of a size ca. <5 nm.3’ Capillary condensation occurring at high
relative pressures likewise indicate the presence of larger mesopores.3® Moreover, though
the PSD curves still present a unimodal distribution each, i.e., a single maximum in the
mesoporous range, the discrepancy between drore and dpore Can be considered an
indication for larger mesopores as well. Furthermore, cumulative pore volumes likewise
demonstrate a trend similar to what is ascertainable for other porosity features. Eventually,
this leads to the assumption that mesoporosity mainly originates from the microspheres
(core), while the spike-shells consisting of less densely arranged primary particles as
compared to microspheres provide larger pores as well as additional (cumulative) pore
volume. BET SAs of as-synthesized a-MnO; are roughly decreasing with temperature and
dwell time of the synthesis. However, this can be explained by a formation of denser
structures due to an accelerated nucleation as well as precipitating of a-MnO; within the
pores instead of collaborating to a progressive formation of a mesoporous structure.
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Section S16. Double-layer capacitance measurements of pure acetylene

carbon black thin-films with various mass-loadings

Section $16.1. 50 ug,, cm¢x
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Figure S25. Double-layer capacitance measurement of a pure acetylene carbon black (AB)
thin-film with a mass-loading of 50 pg cm'GZC. (a) Cyclic voltammograms (CVs) measured at
various potential scan-rates, i.e., 0.005, 0.01, 0.025, 0.05, 0.1, 0.2 and 0.4V s, in N
saturated, 0.1 M KOH aqueous electrolyte under static conditions (0 rpm). Prior to
measurements, the electrolyte was equilibrated to 25°C for 30 min. CVs were measured in
the non-Faradaic potential region, i.e.,, a £0.05 V potential window centered on the open
circuit potential (OCP). Subsequently, OCP was recorded for 30 min (not included) and
determined to be 0.06 V (vs. Ag/AgCl (sat. KCl)). (b) Capacitive currents (I, i.e., average of
anodic and cathodic capacitive currents at 0.06 V (vs. Ag/AgCl (sat. KCl)), as a function of
potential scan-rates (v). A 1! linear regression line representing the total double-layer
capacitance (Cdi total) Was applied to the data within a 0.005-0.05 V s™! potential scan-rate
range (Figure S25b inset), while a 2" linear regression line belonging to the outer double-
layer capacitance (Cq, outer) is Obtained in a potential scan-rate range from 0.05-0.4 Vs
Subsequently, the slopes of regression lines give a Cqi, total and Cd, outer Of 0.0443 mF and
0.0388 mF, respectively.

S44



: -2
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Figure S26. Double-layer capacitance measurement of a pure AB thin-film with a mass-
loading of 150 pg cm. (a) CVs measured at various potential scan-rates, i.e., 0.005, 0.01,
0.025, 0.05, 0.1, 0.2 and 0.4 V s™', in N, saturated, 0.1 M KOH aqueous electrolyte under
static conditions (0 rpm). Prior to measurements, the electrolyte was equilibrated to 25°C
for 30 min. CVs were measured in the non-Faradaic potential region, i.e, a +0.05V
potential window centered on the OCP. Subsequently, OCP was recorded for 30 min (not
included) and determined to be 0.016 V (vs. Ag/AgCl (sat. KCI)). (b) Capacitive currents (/o),
i.e., average of anodic and cathodic capacitive currents at 0.016 V (vs. Ag/AgCl (sat. KCI)),
as a function of potential scan-rates (v). A 1 linear regression line representing Cdi, total
was applied to the data within a 0.005-0.05 V s™' potential scan-rate range (Figure S26b
inset), while a 2" linear regression line belonging to Cu outer is Obtained in a potential
scan-rate range from 0.05-0.4 V s™'. Subsequently, the slopes of regression lines give a
Cdl, total and Cql, outer 0f 0.0989 mF and 0.0901 mF, respectively.
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Figure S27. Double-layer capacitance measurement of a pure AB thin-film with a mass-
loading of 300 pg cm. (a) CVs measured at various potential scan-rates, i.e., 0.005, 0.01,
0.025, 0.05, 0.1, 0.2 and 0.4 V s™', in N, saturated, 0.1 M KOH aqueous electrolyte under
static conditions (0 rpm). Prior to measurements, the electrolyte was equilibrated to 25°C
for 30 min. CVs were measured in the non-Faradaic potential region, i.e, a +0.05V
potential window centered on the OCP. Subsequently, OCP was recorded for 30 min (not
included) and determined to be 0.076 V (vs. Ag/AgCl (sat. KCl)). (b) Capacitive currents (Ic),
i.e., average of anodic and cathodic capacitive currents at 0.076 V (vs. Ag/AgCl (sat. KCI)),
as a function of potential scan-rates. A 15 linear regression line representing Cai, total Was
applied to the data within a 0.005-0.05 V s potential scan-rate range (Figure S27b inset),
while a 2" linear regression line belonging to Cai, outer is Obtained in a potential scan-rate
range from 0.05-0.4 V s". Subsequently, the slopes of regression lines give a Cai, total and
Cdl, outer of 0.1894 mF and 0.1766 mF, respectively.
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Figure S28. Double-layer capacitance measurement of a pure AB thin-film with a mass-
loading of 600 pg cm. (a) CVs measured at various potential scan-rates, i.e., 0.005, 0.01,
0.025, 0.05, 0.1, 0.2 and 0.4 V s™', in N, saturated, 0.1 M KOH aqueous electrolyte under
static conditions (0 rpm). Prior to measurements, the electrolyte was equilibrated to 25°C
for 30 min. CVs were measured in the non-Faradaic potential region, i.e, a +0.05V
potential window centered on the OCP. Subsequently, OCP was recorded for 30 min (not
included) and determined to be 0.016 V (vs. Ag/AgCl (sat. KCI)). (b) Capacitive currents (/o),
i.e., average of anodic and cathodic capacitive currents at 0.016 V (vs. Ag/AgCl (sat. KCI)),
as a function of potential scan-rates. A 1% linear regression line representing Cai, total Was
applied to the data within a 0.005-0.05 V s™! potential scan-rate range (Figure S28b inset),
while a 2" linear regression line belonging to Cai, outer can be applied in potential scan-
rate range from 0.05-0.4 V s'. Subsequently, the slopes of regression lines give a Cqi, total

and Cdi, outer of 0.3540 mF and 0.3346 mF, respectively.
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Section $16.5. Summary of double-layer capacitances of acetylene carbon

black thin-films with various mass-loadings

Table S25. Summarized double-layer capacitances of AB thin-films with various mass-
loadings, i.e., 50, 150, 300, and 600 pg cmg&. Cai total and Cdi,outer are derived from the
slopes of linear regression lines to capacitive currents (I) in a potential scan-rate range of
0.005-0.05 V s" (1% slope) and 0.05-0.4 V5! (2" slope), respectively. The inner double-
layer capacitance (Cad, inner) is calculated based on Ca, inner=Cdl, total-Cdl, outer. MOreover, the

percentage of each double-layer capacitance constituent is indicated.
Map b

~ Cdl, totala Cd': outer CdI, inner
Mg cm mF mF % mE %

50 0.0443 0.0388 87.58 0.0055 1242
150 0.0989 0.0901 91.10 0.0088 8.90
300 0.1894 0.1766 9324 0.0128 6.76
600 0.3540 0.3346 9452 0.0194 548

9Cdl, total2100%

deI, inner= Cdl, totaI'CdI, outer

a 002 j ‘ ECII. inner I:ICII. outer

50 10 300 600

myp / g cmgg
Figure S29. Graphical summary of double-layer capacitances measured on pure AB thin-
films with various mass-loadings, i.e., 50, 150, 300, and 600 ug cm. Cdi, inner and Cai, outer
are represented through a light-grey and bony coal textured area, respectively, while
Cd, total Can be regarded the sum of these two areas, i.e., Cqi, totai=Cadl, inner+ Cdi, outer. The inset
shows a magnified representation of Cqj, inner. However, the double layer capacitances
demonstrate a linear increase with increasing the AB mass-loading.
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Section S17. Additional data on double-layer capacitance and
electrochemically active surface area (ECSA) measurements of a-MnO:-

acetylene carbon black (AB) thin-films

Section S17.1. Double layer capacitances of complete a-MnO.-AB thin-films

and correction for the contribution of AB conductive support

Table S26. Summarized double-layer capacitances of complete a-MnO;-AB thin-films and
correction for the contribution of AB conductive supports. Total (Cd,tta’) and outer
double-layer capacitances of complete thin-films (Cai, outer ) are derived from the slopes of
linear regression lines to capacitive currents (Ic) in a potential scan-rate range of 0.005-
0.05V s (1 slope) and 0.05-0.4 Vs (2" slope), respectively. Individual double-layer
capacitances, i.e., corrected for the contribution of AB conductive supports, were
determined by substracting Ca, totat and Cai, outer Of @ pure AB thin-film with a mass-loading
of 50 pg cmg from double-layer capacitances of complete thin-films. Inner double-layer
capacitances are calculated based on Cq, inner=Cdi, total-Cdl, outer. MOreover, the percentage
of each corrected double-layer capacitance constituent is indicated.

a_MnOZ CdI, total* CdI, outer* Cdl, totalalb CdI, outerb Cd': in”erc

T/t mF mF mF mF % mF %
40°C/4h  0.0605  0.0523 0.0162 0.0135 8333 0.0027 16.67
40°C/8h  0.1265  0.0597 1.1591 0.2947 2542 0.8644 7458
40°C/16h 0.0849  0.0541 0.5725 0.2157 3768 03568 62.32
60°C/4h  0.1246  0.0518 1.1323 0.1833 16.19 09490 83.81
60°C/8h  0.3224  0.0751 3.9214 05119 13.05 3409 86.95
60°C/16h  0.1647  0.0567 1.6977 0.2524 1487 1.4453 85.13
80°C/4h  0.2188  0.0512 2.4606 01749 711 22857 92.89
80°C/8h  0.6240  0.1168 8.1742 1.0999 1346 7.0743 86.54
80°C/16h  0.5515  0.1134 7.1519 1.0519 1471 6.100 85.29
*Double-layer capacitance of complete a-MnO:-acetylene carbon black (AB)
thin-films.
aCdI, totalé1 00%
Double-layer capacitance corrected for the contribution of 50 pg cmg- AB
conductive support based on Cy; a-MnOZ=CdI*'CdI, as Where Cy toa1 Ag=0.0443 mF

and Cy) outer a=0.0388 mF.
CCdI, inner = Cdl, totaI'CdI, outer
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Section $17.2. ECSAs of individual a-MnO; catalysts

Table S27. Summarized individual ECSAs of as-synthesized a-MnO> catalysts. ECSAs are
calculated from double-layer capacitances corrected for the contribution of 50 pg cmg
AB conductive supports and the areal capacitance of a bare GC disk electrode considered
a specific double-layer capacitance (Cs=0.0709 mF cm™), as previously described.*

Moreover, the percentage of each ECSA constituent is indicated.

a-MnO;  ECSAotal’ ECSAinner’ ECSAquter”
T/t cm? cm? % cm? %
40°C/4h 0.23 0.04 16.67 0.19 83.33
40°C/8h 1.16 0.86 74.58 0.29 25.42
40°C/16h  0.57 0.36 62.32 0.22 37.68
60°C/4h 1.13 0.95 83.81 0.18 16.19
60°C/8h 3.92 3.41 86.95 0.51 13.05
60°C/16h  1.70 1.45 85.13 0.25 14.87
80°C/4h 2.46 2.29 92.89 0.17 7.11
80°C/8h 8.17 7.07 86.54 1.10 13.46
80°C/16h  7.15 6.10 85.29 1.05 14.71

9ECSAtotai2100%
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Section S$18. Detailed structural and physicochemical characterization of

reference Mn oxides

Section $18.1. PXRD structural analysis
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Figure S30. PXRD reflection pattern of a-MnO-SF. Reflections observed at angles 26
12.78° 18.11°, 25.71°, 28.84°, 37.52°, 41.97°, 49.87°, 56.37°, 60.28°, 65.11°, 66.69°, 69.71°,
72.71° and 78.59° can be well indexed tothe (110),(200),(220),310),(211),(301),
411),600),(521),002),(112),(541),(312)and (33 2) crystallographic planes of
tetragonal a-MnO, (ICDD PDF 00-044-0141, space group l4/m, a=b=9.7847 A,
c=2.8630 A).*%*2 No impurity reflections are observable in the PXRD reflection pattern,
indicating a high purity of a-MnQO>-SF. (Note, it is already referred to as a-MnO2-SF in the
manuscript as well as supporting information).
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Figure S31. PXRD reflection pattern of commercial MnO; activated. The experimental
PXRD reflection pattern fits well with hexagonal e-MnO; (ICDD PDF 00-030-0820, space
group P63/mmc, a=b=2.8 A, c=4.45A)*** Moreover, good correspondence with
orthorhombic y-MnQO; (ICDD PDF 00-014-0644, a=6.36 A, b=10.15 A, ¢=4.09 A) could be
obtained as well*>#® indicating a mixed £-/y-phase.#"*® While major reflections observed
at 20 37.15°, 42.73° and 56.53°, as well as a weak reflection at ~78.93°26, can be related
to the (100), (101), (102), and (200) as well as (13 1), 300), (160) and (08 1)
crystallographic planes of - and y-MnOg, respectively, reflections at 26 ~65.37°, ~68.59°
and ~72.63° are exclusively assignable to the (42 1), (00 3) and (0 6 2) crystallographic
planes of y-MnO,. Furthermore, in the low angles 26 region a broad reflection, which is
split into two diffraction peaks, is observable. Considering a marked shift of a nearly 1.5°26
towards higher angles 26 as compared to pristine y-MnO2 (261 2 0)=22.42°), that does not
occur for the other reflections, the 1% diffraction peak at ~23.89°26 cannot be related to
the (12 0) crystallographic plane of y-MnO.. However, according to Chabre et al. and
Sokolsky et al., it might arise from microtwinning, or an random intergrowth of two other
MnO; polymorphs, i.e., ramsdellite and pyrolysute.*>>° The 2" diffraction peak is located
at ~33.11°26. Similar could be observed by Kim et al., but after heat treating €-MnO:
samples at various temperatures >200°C: They found a splitting of an originally single
broad reflection located at 21.3°260 into two diffraction peaks, the angular positions of
which are comparable to the present 15t and 2" diffraction peaks.** Though we do not
know the synthesis route of commercial MnO; activated, or how the activation process
was carried out, respectively, the latter indeed traditionally involves, inter alia, a successive
thermal treatment at elevated temperatures for removal of water (drying).>! The splitting
of the broad reflection in the low angles 26 region is therefore very likely to be a
consequence of a thermal treatment during the activation process of MnOs. (It is to be
noted that this sample is still referred to as MnO: activated in the manuscript as well as
supporting information).
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Figure S32. PXRD reflection pattern of commercial Mn2Os. Reflections observed at angles
26 23.12°,28.42°,32.92°, 38.2°, 45.14°, 49.32°, 55.14°, 64.06°, 65.72°, 67.4° as well as weak
reflection located at 53.24°, 57°, 60.58°, 69.06°, 72.34°, 73.9°, 81.88°, 83.4°, 84.96° and
86.41° can be well indexed to the 21 1), (122),(222), (400), (323), (413), (044),
(145),(622),(631),356),(521),334),(523)444),(0604),(721),(008),417)
and (2 0 8) crystallographic planes of orthorhombic spinel Mn2Os (ICDD PDF 00-024-0508,
space group Pcab, a=9.4161A, b=9.4237 A, ¢=9.4051 A).>>>* As no characteristic
reflections of other phases can be identified, commercial Mn2O3 can be considered to be
of high purity.
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Figure S33. PXRD reflection pattern of commercial Mn30a. Reflections observed at angles
26 18°, 28.88, 31.02°, 32.32°, 36.09°, 36.45°, 37.98°, 44.44°, 49.82°, 50.71°, 53.86°, 56.01°,
58.51°, 59.84°, 64.65°, 69.66°, 74.15°, 76.58°, 77.51°, 80.05°, 81.21°, 86.47° as well as weak
reflections located at 63.1°, 67.73°, 73.44°, 85.8° and 88.97° can be well indexed to the
(101),(112),(200),(103),(211),(202),(004),(220),(204),(105),(312),(303),
(321),(224),(400),(305),(413),(422),(404),217),(008),(415),(116),411),
(420), (424) and (51 2) crystallographic planes of tetragonal spinel Mn3O4 (ICDD PDF
00-024-0734, space group 141/amd, a=b=5.7621 A, ¢=9.4696 A).>>>" No characteristic
reflections of other phases are observed in the PXRD reflection pattern, suggesting
commercial Mn304 to be of high purity.
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Section $18.2. SEM evaluation and morphological features

Figure S34. SEM evaluation of a-MnO»-SF. (a) Overview, (b) a magnified aggregate and
(c) higher magnification of fiber-like primary particles. The fibers are in the nanometer
range, however, diameters and lengths of fibers were not determinable.
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Figure S35. SEM evaluation of commercial MnO; activated. (a) Overview of agglomerates.
Diameters of three representative agglomerates are indicated ranging from 13.72 pm to
30.35 um. (b), (c) A magnified agglomerate and (d) higher magnification of nanometer-
sized, spherical primary particles (nanoparticles) including the particle size distribution

(modal and mean particles sizes) of primary particles based on evaluation of 150 particles.
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Figure S36. SEM evaluation of commercial Mnz0s. (a) Overview, (b), (c) magnified
agglomerates and (d) higher magnification of nanometer-sized, spherical primary particles
including the particle size distribution (modal and mean particle size) of primary particles
based on evaluation of 200 particles.
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(a) Overview including the particle size
distribution (modal and mean particle size) based on evaluation of 250 particles, (b)
magnified irregular truncated polyhedron-like particles and (c) higher magnification of a
particle surface.

a-MnO2-SF shows huge aggregates, one of which is presented in the SEM image
in Figure S34a. A higher magnification reveals loosely-stacked agglomerates (Figure
S$34b), whose primary morphology in turn adapts short fibers (SF) (Figure S34c), the
diameters of which are in the nanometer range (denoted a-MnQO;-SF). Similar applies to
commercial MnO; activated (Figure S35) and commercial Mn>O3 agglomerates (Figure
$36), but consisting of nanometer-sized, spherical particles. While the size of commercial
MnO; activated nanoparticles could be measured to be dp=16 nm and dp=15.8+3.9 nm
(based on evaluation of 150 particles) (Figure S35d), commercial Mn,O3 nanoparticles are
slightly enlarged (dp=25 nm, dp=27.2+8.0 nm) (based on evaluation of 200 particles) as
well as more densely coalesced (Figure S36d). In contrast, commercial mixed valence
Mn3QO4 adapts irregular truncated polyhedron-like shapes (Figure S37b) with considerable
inhomogeneous particle sizes ranging from ~1.4 um to ~2.8 um as well as 2.28+0.77 pm
for the modal and mean particle sizes (based on evaluation of 250 particles) (Figure S37a),
respectively. A higher magnification SEM image (Figure S37c) does not reveal primary
particles, but smooth surfaces patterned by nano-scale tiers or strata are observable.
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Section $18.3. SEM-EDX elemental analysis

Figure S38. SEM-EDX area analysis of reference M

n oxid

es at 15 kV acceleration voltage. (a) a-MnO2-SF at 250x

magnification and (b) commercial MnO; activated, (c) commercial Mn;O3 and (d) commercial Mn3O4 at 500x magnification.

Green and cyan squares mark the areas where EDX was carried out.

Table S28. Summarized SEM-EDX elemental compositions of Mn, O, K and Na measured at 250x (a-MnQO2-SF), or 500x
magnification (commercial MnO: activated, Mn2O3; and Mn30.), respectively, and 15 kV acceleration voltage. C was deducted
from EDX spectra as carbon sputter coating was applied for preparing the samples and the samples were fixed on carbon

tabs.
Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

Mn oxide Mn () K Na Mn () K Na Mn () K Na Mn (0] K Na
at.-% at.-% at.-% at.-% at.-% at.-% at.-% at.-% at.-% at.-% at.-% at.-% at.-% at.-% at.-% at.-%

a-MnO,-SF 34.30 61.47 4.13 35.64 60.19 4.17 — 31.84 64.32 3.84 — 35.37 60.55 4.08 —
MnO: activated 46.05 51.70 — 2.25 44.65 53.17 — 2.18 47.44 50.65 — 1.91 4528 52.52 — 2.21

Mn20; 49.12 50.88 — — 49.60 50.40 — — 49.92 50.08 — — 49.38 50.62 — —

Mn3O4 55.46 44.54 — — 56.09 43.91 — — 56.39 43.61 — — 56.75 43.25 — —
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Section $18.4. XPS elemental analysis

Raw data
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Figure S39. XP survey spectra of reference Mn oxides. Cyan areas highlight features used for the determination of elemental

(surface) compositions. Elemental compositions were calculated from relative areas of fitted Mn 2p32, O 1s, K 2p, Ag 3ds,2,

Na 1s and C 1s core-level photoemission spectra using CasaXPS processing software. a-MnO,-SF and MnO: activated exhibit
supplemental potassium (K) and sodium (Na), respectively.
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Table $29. Summarized XPS elemental (surface) compositions of Mn, O, K and Na of reference Mn oxides based on relative
areas of fitted Mn 2ps/2, O 1s, K 2p and Na 1s core-level photoemission spectra. C as derived from high-resolution C 1s core-

level photoemission spectra was deducted as it is regarded a surface contamination due to air exposure during sample
preparation.’

Mn2p,, O1ls K2p Nals

at.-% at-% at-% at.-%
a-MnO;-SF 30.59 60.37 9.04 —

Mn oxide

MnO:; activated 26.01 6757 — 6.42
Mn20O3 35.35 64.65 — —
Mn3O4 3697 63.03 — —
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Section S18.5. Comparison of SEM-EDX and XPS elemental compositions
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Figure S40. Summary of SEM-EDX (gray columns) and XPS (gray-red graded columns)
elemental compositions of reference Mn oxides. (a) a-MnOz-SF, (b) commercial MnO:
activated, (c) commercial Mn203 and (d) commercial Mn3O4. Columns representing results
from XPS are inserted into the gray columns of EDX in order to emphasize the different
.penetration depths” of both techniques.

a-MnOz-SF demonstrate an elemental composition consisting of Mn, O and K.
While the ratio of Mn and O is largely constant, less K content of 4.1 at.-% by EDX as
compared to 9.0 at.-% detected by XPS reveals an increasing concentration gradient
towards the outer of the agglomerates. Similar applies to commercial MnO; activated, but
displays a significant Na content instead. Since it is commercially purchased, we suspect
that Na most likely originates from a precursor used for the preparation. In case of
commercial Mn203 and Mn304 both EDX and XPS merely detected Mn and O.
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Section $18.6. N> adsorption-desorption measurements
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Figure S41. N, adsorption-desorption isotherms and Barrett-Joyner-Halenda (BJH) pore
size distribution (PSD) curves (inset) of reference Mn oxides. (a) of a-MnQO-SF, (b)
commercial MnO; activated, (c) commercial Mn203 and (d) commercial Mn3Oa.

Table S30. Summarized Brunauer, Emmett and Teller (BET) specific surface areas (BET SA),
modal pore diameters (dpore) from BJH pore size distribution curves, BJH average pore
diameters (dpore) and BJH cumulative pore volumes (Vpore) as obtained from N2 adsorption-
desorption measurements of reference Mn oxides.

Mn oxide BE;:I- SI:\ e dio Vzore_1
m= g nm nm cm- g
a-MnQO;-SF 149.9 12.3 9.0 0.4
MnO:; activated 113.0 9.1 7.0 0,25
Mnz0Os3 2.1 — — —
Mn304 0.8 — — —

Adsorption branches of a-MnQO;-SF (Figure S41a) as well as commercial MnO>
activated (Figure S41b) resemble a type Il shape with regard to IUPAC classification, but
hysteresis loops are of a H3 type usually given by non-rigid agglomerates, or loose
assemblages, respectively, which is in good agreement with SEM images of both MnO..
Moreover, broad pore size distributions (PSDs) typical of H3 type hysteresis could be
observed for a-MnO,-SF (Figure S41a inset, dpore=12.3 nm, drore=9.0 Nm) and commercial
MnO; activated (Figure S41b inset, dpore=9.1 NM, dpore=7.0 NM). In contrast, isotherms of
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commercial Mn;O3 (Figure S41c) and Mn304 (Figure S41d) depict a type Il shape, but
slightly crossing over to a type Ill at low Py, pN; with regard to IUPAC classification. In

general, both type Il and type Il isotherms are indicative for non-porous, or macroporous
materials. Hence, the minor hysteresis loop in case of Mn2Os, which likewise indicates
mesoporous features, is in good agreement with its PSD (Figure S41c inset) exhibiting a
bimodal distribution within the meso- and macroporous range.3%3%°8 In contrast, Mn3O4's
isotherms are completely reversible indicating non-porousity, that is, however, in good
accordance with its inconclusive PSD (Figure S41d inset).3%38°8 Nevertheless, we would
like to expressly point out, for a precise analysis of macroporous features one should carry
out, e.g., mercury porosimetry,* but this is beyond the scope of this study.
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Section S$19. Details on the thin-film rotating disk electrode (TF-RDE) set-

up

e

' Luggin-Haber capillary

|_Ag/AgCl reference electrode
!

ORR electrocatalytic activities and electrochemically active surface areas (ECSAs). (a)
Complete TF-RDE setup and (b) magnified in-house build water-jacketed glass cell
showing the three-electrode configuration as describe in the experimental section of the
manuscript, i.e., the glassy carbon (GC) disk working electrode, gold counter electrode and
Ag/AgCl (sat. KCI) reference electrode mounted in an in-house built Luggin-Haber

capillary.
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