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Synthesis of M-birnessites

For the synthesis of M-birnessités, three solutions were prepared, according to gerpublished
by Luoet al.*

1) KOH or NaOH were dissolved in 30 mL®Il (see Table S1).

2) 3.92 g (16 mmol) Mn(AcQ)- 4 HO and alkaline earth salts (see Table S1) werelgsds in 30
mL H,0.

3) 984 mg (6 mmol) KMn@were dissolved in 100 mLJa.

Solution 2) was now added dropwise in 10 min undgorous stirring to 1), resulting in an off-
white to light brown suspension. Subsequently, 8% wdded dropwise to the suspension of 1) and
2) in 30 min under vigorous stirring. The obtairdadk brown suspension was stirred for 3 d at 40
°C. Then, the precipitate was filtered off and weshvith 1 L BO, before it was dried at 65 °C
over a period of 16 h. For details see Table S1.

Table S1. Details of solutions 1) and 2) for the sthesis of M-birnessites 1-7.

Base for solution 1) Alkaline earth salts for solution 2)

KosrbimessiteD) 5, rlrﬁn%g <OH 5&@3&% r:brrcl)ol)
Cayschimessite) g %T?(-)% . 52‘; g% (g3)»22 Ir_nbgol)
Cay2rbirnessite g) (250 rlrf;n%g KOH 1(-:15 A%]Cgif r:brrcl)ol)
Stagbimessited) g I’]T-14m%8 <OH 677 rg?(ISnglz)zmmOI)
Storbimessite®) g rlrf;ﬁ%g <OH l.Sssg(ﬁsé)anm)
Mgossbimessite® g, rlr]%l()) gaOH (I?/ISS(,ArPc%()j-24m|—T(())I)

1409 1.37 g (6.4 mmol)

Mgo.2gbirnessite )

(250 mmol) KOH

Mg(AcO); - 4 HO
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Physical measurements

TG

TG analyses were done using a Netzsch STA 429D d&vice. The samples were heated to
1000°C at a rate of 4 K minunder a flow of air (75 mL mif) in Al,Os crucibles. The TG data
were corrected for buoyancy and current effects.

AAS

Manganese atomic absorption spectroscopy (AAS) pemormed on an AAnalyst spectrometer
system by PerkinElmer.

Prior to analysis, about 10mg of the oxide samplee carefully weighed, suspended in 3 mL of a
mixture of concentrated HNCand 30 % HO; (2:1) and left at room temperature for 12 h. The
obtained clear solutions were then diluted to 5Q tninL of the diluted solution was again diluted
to 50 mL and then analysed by AAS.

Table S2. Manganese content in the synthesised Mrbessites

pmol(Mn)/mg(Sample)
Ko.sr-birnessite 1) 10.3
Ca14birnessite 2) 7.4
Ca o7birnessite 8) 8.0
Siy.1g-birnessite 4) 9.5
Si.orbirnessite %) 10.7
Mgo.1z-birnessite ) 7.7
Mgo.2g-birnessite 7) 11.4

Energy dispersive X-ray spectroscopy

Energy dispersive X-ray fluorescence (EDX)/scanmal@gtron microscopy (SEM) were carried out
with a Philips ESEM XL30 equipped with an EDAX detw. The compositions are the result of
averaging multiple independent measurements frgnaem sample.

BET analysis

N, physisorption isotherms were measured with a BeMaX (1, 2, 6, 7) and a BelsorpMINI g,

4, 5) instrument respectively, and analysed accordinBET theory in order to investigate surface
areas.

X-ray powder diffractometry
The X-ray powder patterns were measured in refiaageometry using a PANalytical X'Pert PRO
instrument.

IR
ATR-infrared spectra of the solid oxide powders evesbtained using a Bruker Alpha P
spectrometer.
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X-ray absorption spectroscopy

Collection of X-ray absorption datX-ray absorption data were collected at the KM@arhline at

the BESSY synchrotron (Helmholtz-Zentrum Berlin,r@any) at 20 K in a liquid-helium cryostat
(Oxford) with 150 mbar He gas in the sample chamised for heat exchange. Measurements at the
Mn K-edge were performed in absorption mode and detdntea home-made ionisation chamber.
Incident energy in the range 6400-7570 eV was tadeloy Silll double crystal monochromator.
The Mn oxide powders were mixed with boron nitridea 1:10 ratio to get an optical thickness of
the sample of around unity (10-fold drop of the a+rintensity after the edge). As an internal
energy standard the simultaneously measured inr@timo mode narrow pre-edge of KMpO
powder was used (energy position of the pre-edgesetto 6543.3 eV).

Initial data processingAfter correction of the energy scale, equivaleranscwere averaged. The
slope of the pre-edge scattering background wasved by subtraction of a line with a slope
determined from the absorption decrease before Mine edge. In the post-edge range the
hypothetical EXAFS-free absorption was determined & third-order polynomial fit. For
normalization the spectra were divided by this polyial.

XANES: The giverK-edge energies were determined by the integral sdethitlined in ref

EXAFS: For extraction of EXAFS spectra, the backmga was removed by subtraction of a cubic
spline. The energy axi€{space, in eV) of the EXAFS spectra was convertedrn equidistant
wavenumber axisk{space, in &) according to

‘o f2m(E2— E,)
h

with m mass of the electron, the reduced Planck constditated by a crossdd andEy = 6547
eV. The transition to an equidistdaéxis involved a reduction of the number of datanfsoto 180.
The resulting spectrag(k) versusk) were weighted byk® to compensate for the drop in EXAFS
oscillations with energy. AllIR-space spectra shown in the figures were obtained=durier
transformation of®-weighted data in the range 2.7 — 169 (Borresponding to energy range 6570-
7570 eV). For these transformations a fractionalire window was used (at the Idwside the
window extends over 10% and at the higside over 30% of thkerange).

EXAFS simulationEEXAFS simulations by least squares curve fittifigCaweighted oscillations in
thek-space were performed using the in-house softwianX3according to the equation?

xlk)=s?2 an"m E’%@xd— 2R /A, )Bin(2k R + geff +q)@x- 2072 k?)

where the sum goes over the atomic shells (grotipsl@ments with the same atomic number and
similar distances from the X-ray absorbing ato&f,is the amplitude reduction factdg, is the
total central atom loss factdfeff is the effective curved-wave backscattering amgétN; is the
number of neighbours in theg atomic shellR is the distance between the X-ray absorbing Mn
atom and the atoms in tlg atomic shell (backscattere®),is the mean free path in Agffis the
phase shift for each shell, is the total centrahraphase shift, and is the Debye-Waller parameter
of theiy, atomic shell (variation of distances around therageR). The functiondl, Feff, A, ¢eff
and @ were calculated by Feff-8'4° (self-consistent field option activated). The aitopole
reduction facto&? was0.8.

The coordination numbeN, the distanceR, and the Debye-Waller paramet2, were determined
for each backscatterer shell by a least-squaresf fite calculated EXAFS. In the fit, the sum of
squared differences betwedd weighted experimental and calculated datakirspace was
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minimized in the energy range between 6560 and &Z0This minimized value of the sum is
denoted in the following as,. The minimum was found by Levenberg-Marquardt athor with
numerically calculated derivativés.

Error range estimation.To estimate the error ranges for the obtained npaiers, we used a
procedure as outlined below. After parameters hehtoptimized, the experimental and the model
curves were Fourier-isolated according to the feilhg protocol: (1) Fourier transform frotk
space toR-space for data corresponding to tkeange of 1.6 & to 16.9 A, without using a
window function; (2) back transformation froRispace tdk-space for data corresponding to e
range from 0.0 A to 5.0 A. The sum of squared diffices between the Fourier-filtered
experimental and calculated dat&ispace was calculated and denotegas

The degree of freedom of EXAFS simulationsis defined as the difference between the number o
independent experimental data points and the nurmbsemmulation parameters. The number of
independent data points is estimated accordindite=~ 24k AR / n’, where the simulation range
corresponds tatk = 15.3 A and 4R-value was 2.5 A (the simulated peaks in the Fourie
transformed spectra were the first two peaks betvteand 3 A, and the peak between 4.5 and 5 A
on the scale of the reduced distances, see Figgn&52).

The recalculated error sumy*, and the degrees of freedomwere used to normalize the original
error sumgn, according to the equation:

norm _—_ m
m

For each fit parameter the respectiveetror range (68% confidence interval) correspontbedn
increase in the normalized error sum byriée ls-error range was obtained from the square
root of the corresponding diagonal element of inadance matrix of the system.

Quality of the fit The Re-factor given in Tables S3 and S4 is used to estirttee quality of the fit
It was calculated according to

Xl -yl

Rf
sl

100

where x, and y, denotek® weighted calculated and experimental data afteriEpisolation, using

a cosine window function (10% at lokvand 30% at high-side). TheR-range was between 0 A
and 5 A. In contrast to the unfilteré§™ -value, R does neither depend on the fit quality outside
of the consideredR-range nor on the number kfspace data points chosen during the transition
from energy to wavevector scale (note tRatmay denote either a distance or a measure ofrtbe e
in a least-squares fit, depending on the cont&xiirier-filtering was employed only for calculation
of theRg-value (after curve-fitting); for curve-fitting g exclusively unfiltereck-spectra had been
used.
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Figure S1 k*-weighted extended-range EXAFS spectra (left) aralr tFourier transforms (FT,
right) for oxides 1 — 7. The experimental specteashown as gray lines and simulation results for
the fit with one short Mn—Mn distance are showmleck. The fit parameters are given in Table S3.
The relatively high value obtained for the Debyel@faparameter for the short Mn—Mn distance
indicates that there is probably a second shotamiig, as shown in the fit presented in Fig. S2.

Table S3.Parameters obtained by simulation of #leveighted EXAFS spectrad\( coordination
number;R, absorber-backscatter distanegDebye-Waller parameter). The errors are givegray
and represent the 68% confidence interval of thepeetive fit parameter. The sum of the
coordination numbers in the first two oxygen shelés fixed to 6. The Debye-Waller parameter,
was kept equal for the two oxygen shells (indicatetth ,=" in the table) and was fixed for the
longer Mn—Mn distance and for the Mn-Sr distan@u@s marked with asterisks, *).

Koz (1) Cap1a(2) Cap(3)  Srpis(4) Sro.27(5) Mgo13(6)  Mgo2s(7)

R, A 1.900.01 1.900.01 1.910.01 1.900.01 1.910.01 1.900.01 1.900.01
Mn-O N 4.90.4 4.50.4 5.1/0.4 4.7/0.3 4.70.3 4.600.3 4.90.3
c, A 0.0580.006 0.0630.006 0.0580.005 0.0620.005 0.0680.004 0.0610.006 0.0660.006
R, A 2.290.04 2.280.03 2.270.05 2.300.03 2.260.02 2.240.03 2.280.04
Mn-O N 1.210.4 1.50.4 0.90.4 1.30.3 1.30.3 1.40.3 1.1/0.3
o, A = = = = = = =
R, A 2.880.01 2.880.01 2.880.01 2.870.01 2.870.01 2.880.01 2.880.01
Mn—Mn N 5.01.0 3.20.8 3.80.8 2.90.7 2.2/0.6 3.20.8 3.60.7
o, A 0.0790.008 0.0720.011 0.0690.009 0.0700.009 0.0730.011 0.0720.010 0.0670.008
R, A 5.020.05 4.990.07 4.990.13 4.970.11 4.950.07 5.000.05 4.970.07
Mn-Mn N 1.71.6 1.21.6 0.611.5 0.61.2 0.81.0 1515 1.71.4
o, A 0.067* 0.067* 0.067* 0.067* 0.067* 0.067* 0.067*
R, A 3.330.03 3.320.02
Mn-Sr N 0.50.3 0.50.3
e, A 0.063* 0.063*

Re, % 18.0 211 16.9 151 14.9 21.2 18.8
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Figure S2 K*-weighted extended-range EXAFS spectra (left) amariEr transforms (right) for 1 —
7. The experimental spectra are shown with gragsliand simulation results for the fit with two
short Mn—Mn distances are shown in black. The &tameters are given in Table S4. For Sr-
containing samples the black lines show the sinaratesult without Mn—Sr distance (as done for
the rest of the samples) and the red lines reprakenfit results if a 3.3 A Mn-Sr distance is
included.

Table S4.Parameters obtained by simulation of #leveighted EXAFS spectra\( coordination
number;R, absorber-backscatter distanegDebye-Waller parameter). The errors are givegray
and represent the 68% confidence interval of thepeetive fit parameter. The sum of the
coordination numbers in the first two oxygen shelés fixed to 6. The Debye-Waller parameter,
was kept equal for the two oxygen shells and fertiho short Mn—Mn distances (indicated with
.= in the table) and was fixed for the longer MnaMistance and for the Mn-Sr distance (values
marked with asterisks, *).

Ko.1 (1) Ca14(2) Cappr(3)  Srois(4) Sro.27(5) MJ0.13(6)  Mgo.2s(7)

R, A 1.900.01 1.900.01 1.900.01 1.900.01 1.900.01 1.900.01 1.900.01
Mn-O N 4.90.3 4.50.4 5.1/0.3 4.7/0.3 4.600.3 4.60.3 4.90.3
a, A 0.0580.005 0.0620.006 0.0580.005 0.0620.005 0.0670.004 0.0670.006 0.0660.006
R, A 2.290.03 2.280.03 2.270.04 2.300.03 2.260.02 2.240.03 2.280.04
Mn-O N 1.1/0.3 1.50.4 0.90.3 1.30.3 1.40.3 1.40.3 1.1/0.3
a, A = = = = = = =
R, A 2.860.01 2.870.02 2.870.01 2.860.02 2.860.01 2.870.02 2.880.01
Mn—Mn N 4.005 2.80.7 3.7/0.5 2.50.6 2.00.4 2.90.6 3.50.5
e, A 0.063 0.063 0.063 0.063 0.063 0.063 0.063
R, A 2.990.02 2.980.07 3.020.04 2.970.09 2.990.06 2.990.06 3.000.08
Mn-Mn N 1.80.5 0.80.7 1.00.5 0.60.6 0.50.4 0.90.6 0.60.5
e, A = = = = = = =
R, A 5.030.05 4.990.07 5.000.13 4.970.12 4.950.07 5.000.05 4.970.07
Mn—Mn N 1.61.4 1.V1.6 0.61.5 0.61.3 0.81.0 1.51.5 1.01.4
a, A 0.067* 0.067* 0.067* 0.067* 0.067* 0.067* 0.067*
R, A 3.330.03 3.320.02
Mn-Sr N 0.50.3 0.50.3
e, A 0.063* 0.063*

Re, % 13.8 21.6 16.4 14.7 13.6 20.5 17.9
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Figure S3.XANES spectra (left) and Fourier transformed EXAfight) for the oxidesl-7. The
mean oxidation state of Mn was calculated from dage positions in XANES spectra after
calibration employing Mn oxides of known oxidatistate as a reference, see fefThe Mn
oxidation state is indicated with the correspondintpr in the right panels. The peak height of the
second peak in the Fourier transformed EXAFS speappears to correlate with the mean
oxidation state of Mn (increased for more oxidipaile, see the main text).

Oxygen detection by gas chromatography

For oxygen evolution experiments, gas chromatograere recorded using a HP 6890 Series GC
System equipped with a 8 ft x 1/8 in 5 A molecus@@ve column (Supelco) using helium (4.6
quality) as a carrier gas. The gasesa@d N were monitored by a thermal conductivity detector.
About 5 mg of oxidel - 7 (see Table S2) and 685 mg (1.25 mmol) ammoniuritiér-nitrate
were weighed into 20 mL septum vials. After theiadd of 5 mL HO, the vials were capped
immediately using gas tight septa and the solutvas sonicated for 10 s. The headspace gas was
injected using a HP 7694 headspace sampler equippieda 1 mL sample-loop. Six headspace
extractions from a single septum vial were takenntervals of 10 min. Therefore, the multiple
headspace extraction value was set to 6, the gualileration time of the headspace sampler was set
to 8.6 min, pressurize time to 0.10 min, loop titthe to 0.20 min, loop equilibration time to 0.10
min and the injection time to 1.0 min, giving areaad| cycle time of 10 min and an overall time of

1 h for each catalytic experiment. The followinghferature settings were used: oven temperature
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(headspace sampler): 40°C, sample loop temperd&QfE, transfer line temperature: 65°C, oven
temperature (gas chromatograph): 70°C

The amount of oxygen evolved was calculated froenNhsignals of air at each measurement. The
amount of oxygen from air corresponding to the ce nitrogen peak was calculated and
subtracted for every measurement. Because of #gssyrization of the septum vials before every
measurement, the headspace gas to be analysdatésl dvith carrier gas. In addition, leakages can
occur after the first insertion of the headspacapar needle in multiple headspace extraction
mode. Thus, the detected values foradd N were corrected by a factor calculated from repeati
the experiments as described above, but with onky lseadspace extraction at the end of the
interval of 1 h. All measurements described hereewearried out at least three times for each oxide.

For comparison of the detected oxygen evolutioues| the oxygen evolution rates have to be
scaled. As manganese is the only capable elementeflox processes occurring during water
oxidation catalysis present in birnessiteg, oxygen evolution rates can be scaled to the atafun
manganese (See Figure S11). Other possible metbodasiculate oxygen evolution rates are to
scale the amount of evolved oxygen per catalyssrmasurface area (See Figure S12, S13). But as
both parameters vary independently for birnesditésthe results are hardly comparable. Thus, we
decided to present oxygen evolution rates scaledg@mount of manganese and calculated them
as mmol Q per mol Mn.

Additional figures
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Figure S12 Comparison of the catalytic activity for watenaation of birnessite%-7 vs.surface
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Figure S13 Comparison of the catalytic activity for watenaation of birnessite$-7 vs.the ratio
of the amount of alkaline earth cations to mangamesions.
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Figure S15 Comparison of the catalytic activity for watenaation of birnessite$-7 vs.the
amount of positive charge additional to manganeserts.
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