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Chemicals

All chemical reagents (analytical grade) were used as received without any further purification.
Deionized water was used throughout the experiment. Commercially available cobalt(Il) acetate
tetrahydrate (Co(CH;COO),-4H,0), manganese(Il) acetate tetrahydrate (Mn(CH;COO),-4H,0)
and ammonium oxalate dihydrate ((NH4),C,04:2H,0), were obtained from Sigma Aldrich
whereas cetyltrimethylammonium bromide (CTAB) was purchased from Alfa Aesar.

Instrumental

Phase identification of the samples were determined using PXRD on a Bruker AXS DS
advanced automatic diffractometer equipped with a position sensitive detector (PSD) and a
curved germanium (111) primary monochromator. The radiation used was Cu-Ka (A =
1.5418 A). The XRD profiles recorded were in the range of 5° < 20 < 80° and the diffraction
pattern fitting were carried out using the program WinxPow. Similarly, the structural models
were drawn with the DIAMOND program version 3.0.

The chemical composition of the precursor was confirmed by ICP-AES on a Thermo Jarrell
Ash Trace Scan analyzer. The samples were dissolved in acid solutions (aqua regia) and the
results of three independent measurements were averaged which showed good agreement with
the chemical formulae. The quantification of the precursor and oxide was also estimated by the
elemental analyses that were performed on a Flash EA 112 Thermo Finnigan elemental analyzer.

SEM was used to evaluate size and morphology and EDX analyses were used to semi-
quantitatively determine the cobalt present on the sample surfaces. The samples were placed on a



silicon wafer and the measurements were carried on a LEO DSM 982 microscope integrated with
EDX (EDAX, Appollo XPP). Data handling and analysis were carried out with the software
package EDAX.

The morphology of the catalysts was investigated by TEM analysis. A small amount of the
sample powder was placed on a TEM-grid (carbon film on 300 mesh Cu-grid, Plano GmbH,
Wetzlar, Germany). The microstructure (morphology, particle size, phase composition,
crystallinity) of the samples was studied by a FEI Tecnai G? 20 S-TWIN transmission electron
microscope (FEI Company, Eindhoven, Netherlands) equipped with a LaBg-source at 200 kV
acceleration voltage. EDX analysis were carried out with an EDAX r-TEM SUTW Detector (Si
(Li)-detector). Images were recorded with a GATAN MS794 P CCD-camera. Both SEM and
TEM experiments were carried out at the Zentrum fiir Elektronenmikroskopie (ZELMI) of the
TU Berlin.

The surface area and the pore size distributions were conducted on a Quantachrome Autosorb-
1 apparatus. Nitrogen adsorption/desorption isotherms were determined at -196 °C after
degassing the sample at 150 °C overnight. The BET surface areas (Sggr) were estimated by
adsorption data in a relative pressure range from 0.01 to 0.1 and the pore size distribution (PSD)
was calculated by analyzing the adsorption data of the N, isotherm using the Barret-Joyner-
Halenda (BJH) method.

The presence of different modes of vibrations of the precursor and the metal oxides were
studied using a BIORAD FTS 6000 FTIR spectrometer under attenuated total reflection (ATR)
conditions. The data were recorded in the range of 400—4000 cm™! with the average of thirty two
scans at 4 cm™! resolution.

The XPS measurements were carried out using a Kratos Axis Ultra X-ray photoelectron
spectrometer (Karatos Analytical Ltd., Manchester, UK) using an Al Ka monochromatic
radiation source (1486.7 eV) with 90° takeoff angle (normal to analyzer). The vacuum pressure
in the analyzing chamber was maintained at 2 x 10 Torr. The high-resolution XPS spectra were
collected for Cls, Ols and Co2p levels with pass energy 20 eV and step 0.1 eV. The binding
energies were calibrated relative to Cls peak energy position as 285.0 eV. Data analyses were
performed using Casa XPS (Casa Software Ltd.) and Vision data processing program (Kratos
Analytical Ltd.).

Experimental Section

Synthesis of manganese cobalt oxalate dihydrate, Mn,Co,,C,042H,0 (x =~ 0.1)

Micro-emulsions containing cetyltrimethylammonium bromide (CTAB, 2.0 g) as a surfactant, 1-
hexanol (20 mL) as co-surfactant and hexane (35 mL) as the lipophilic phase were prepared and
were mixed separately with an aqueous solution of 0.05 M manganese acetate, 0.05 M cobalt
acetate and ammonium oxalate. Each micro-emulsion was mixed slowly and stirred overnight.
The pink precipitate then obtained was centrifuged and washed with 1:1 mixture of chloroform
and methanol (200 mL) and subsequently dried at 60 °C for 12 hours.



Syntheses of manganese cobalt oxides, Mn,Co;,04 (x =~ 0.3)

The manganese cobalt oxalate precursor was subjected to thermal treatment at 400-550 °C in in
dry synthetic air (20% O,, 80% N) at 400 °C for 8 hours (2 “C/min) to obtain the desired mineral
phases of manganese cobalt oxide.

Syntheses of manganese oxide, Mn,0O; and cobalt oxide, Co30,

The manganese oxalate precursor (MnC,042H,0) and cobalt oxalate precursor (CoC,042H,0)
were first prepared similar to manganese cobalt precursor which were then subsequently treated
thermally in in dry synthetic air to form respective manganese oxide (Mn,03) and cobalt oxide
(Co304)

Electrochemical oxygen evolution reaction (OER) measurements

All electrodes were prepared by electrophoretic deposition with a potential difference of 10 V in
a mixture of iodine and acetone on 1x1 cm? area of fluorinated tin oxide coated glass (FTO,
Sigma Aldrich, resistivity 8-12 Q/sq.). The loading on each FTO electrode was ~ 1 mg cm™.
Catalytic activity was measured in 0.1 M or 1 M KOH solution at room temperature using
single-compartment three-electrode electrochemical cell (catalyst deposited on FTO-glass as
working electrode, Pt wire as a counter electrode and Hg/Hg,SO, as a reference electrode) with a
potentiostat (SP-200, BioLogic Science Instruments) controlled by EC-Lab v10.20 software
package. Cyclic voltammetry was carried out with the typical electrolyte resistance (incl. the
electrode) about 40 Q; iR compensation at 80% was applied. The solution was not stirred during
the experiments. The potentials reported in this work were referenced to the reversible hydrogen
electrode (RHE) through RHE calibration, and in 1 M KOH at pH 14, E(RHE) = E(Hg/Hg,SO,)
+ 0.82 V whereas for 0.1 M KOH, E(RHE) = E(Hg/Hg,SO,) + 0.762 V. Chronoamperometric
measurements were performed in 1M KOH at selected constant potentials vs RHE. Nickel foam
(NF, Racemat BV) electrodes were also prepared by electrophoretic deposition and the loading
on the electrode was ~ 3 mg cm. The overall water splitting reaction was performed in a two-
electrode system on catalysts deposited on NF.



Mn Co, C,0,2H O (x=0.1)
JCPDS 25-250

(202)

20 25 30 35 40 45 50 55 60 65 70
2 Theta (deg.)

Fig. S1. PXRD and Miller indices (hkl) of as-prepared manganese cobalt oxalate precursor
(Mnyg ;Co99C,042H,0, JCPDS 25-250) via inverse micelle approach. The pattern was slightly
shifted in comparison to pure cobalt oxalate dihydrate due to the presence of manganese in the
crystal lattice. The amount of manganese and cobalt present in the oxalate was determined by
EDX and ICP-AES analysis.
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Fig. S2. The crystal structure of manganese cobalt oxalate dihydrate precursor. The crystal
structure contains one dimensional chain with each mixed Mn/Co atom coordinated by two
bidentate oxalate ligands and two water molecules.!



Table S1. Quantification of manganese and cobalt ratio of manganese cobalt oxalate precursor
was obtained by EDX and ICP-AES. Three independent measurements were performed for the
reliability of the experiments.

Mn:Co (EDX) Mn:Co (ICP-AES)
Mn,Co;xC,042H,0 (x=0.1) 0.10:1 0.10:1

0.11:1 0.11:1

0.08:1 0.10:1
Averaged 0.0970:1 0.103:3

Table S2. Results from the elemental analysis (C, H, N) of as-prepared manganese cobalt
oxalate dihydrate that is in accordance with the calculated chemical formula. Three independent
measurements were performed to ensure the reliability of the experiments and the averaged value
has been presented.

Carbon (mass%) Hydrogen (mass%) Nitrogen (mass%)

Calculated 13.16 2.21 0
Averaged 13.15 2.24 0
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Fig. S3. The presence of manganese and cobalt in the cobalt oxalate precursor was determined
by the EDX. Appearance of peaks for carbon and copper are due to TEM grid (carbon film on
300 mesh Cu-grid).
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Fig. S4. FT-IR transmission spectrum of as-prepared manganese cobalt oxalate dihydrate
precursor. The detailed description of IR absorption maxima is given in Table S3.23

Table S3. IR absorption maxima (cm!') of Mng;Co0(¢C>042H,0 corresponding to Fig. S6. The
values obtained here match well with literature reported metal oxalate precursor values.?3

IR maxima / cm’! Assignments IR maxima / cm’! Assignments

3354 v(OH)(H,0) 823 vs(C—C) + 8(0OCO)
1612 Yas(C—O) 740 p(H,0)

1360 1s(C-0) 485 dring

1313 d(0CO)

as: asymetric, s:symmetric, y:stretching, d: bending, p:scissoring



400 nm

Fig. S5. The SEM (left) and TEM (right) images of Mng ;Co(¢C,042H,0 precursor. Both SEM
and TEM revealed that oxalate precursor have nanorod morphology with a mean diameter of ~
250-300 nm and length of several hundreds of nanometer. The BET surface area obtained was ~
8 m?/g.
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Fig. S6. High-resolution XPS spectra of the regions containing the Mn2p, Co2p, Ols, and Cls of
Mny 1C0¢9C,04-2H,0. The Mn2p have binding energies (BE) at 641.9 eV for Mn2ps,, and 653.6
for Mn2p;,, which are similar to literature reported Mn(II).*> The Co(II) and Co(III) have similar
2p BE but are often differentiated by the Co2p,,—2p;,, spin—orbit level energy spacing where the
BE of 16 €V has been assigned to Co(II) and 15 eV to Co(IlI).° The BE’s of cobalt here were
found to be 797.7 eV for Co2p;, and 781.7 for Co2p;, with the difference of 16 eV and are
consistent with Co(II).>7 The Ols BE peaks can be deconvoluted into two different carbon-
oxygen functional groups. The peak at 533.3 eV corresponds to the BE of C—O bond or water
and, the peak at 532.3 eV could be assigned to the C=0 bond. The deconvoluted C 1s spectrum
contains three BE peaks at 284.9 eV, 286.6 ¢V and 288.9 eV. The peaks at 284.9 eV and 286.6
eV are attributed to the carbon in C—C and C-O environments whereas the peak at 288.8 eV
could be attributed to the C=0 from the oxalate anion.?
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Fig. S7. PXRD pattern and Miller indices (hkl) of MCO, Mn,3Co, 704, (JCPDS 42-1467). The
pattern was also slightly shifted in comparison to pure cobalt oxide because of the presence of
Mn in the crystal lattice of the spinel structure. The amount of manganese and cobalt present in

the oxide was determined by EDX and ICP-AES analysis.
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Fig. S8. The crystal structure of Mng;Co,;04which crystallizes in the normal spinel (AB,O4; A
= divalent and B = trivalent metal) structure with Co?* atoms in tetrahedral and Co*" atoms in the
octahedral sites.!® From XPS it was clear that the oxidation state of Mn is +3 and therefore, it is
reasonable to assume that Mn3* atoms are substituted in the crystal sites of Co’" (octahedral

position).!!



Table S4. Quantification of manganese and cobalt ratio in Mn, 3Co, 704, (MCO) was obtained by
EDX and ICP-AES. Three independent measurements were performed for the reliability of the
experiments.

Mn:Co (EDX) Mn:Co (ICP-AES)
MCO 0.28:2.72 0.29:2.71
0.29:2.73 0.3:2.7
0.3:2.7
Averaged 0.285/2.725 0.3:2.7
M lil!ﬁﬂ!!ﬂil
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Fig. S9. The presence of manganese and cobalt in MCO was determined by the EDX.
Appearance of peaks for carbon and copper are due to TEM grid (carbon film on 300 mesh Cu-
grid).
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Fig. S10. FT-IR transmission spectrum of MCO in the region 400-1000 cm™!' showing symmetric
Co—O / Mn—aO stretching vibrations. The depicted spectrum is in accordance with the literature

reported spectra of cobalt and manganese oxides.?

700 nm

Fig. S11. The SEM (left) and high resolution SEM (right) micrographs of MCO showing rod-
type morphology consisting of very small nanoparticles.
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Fig. S12. The Ols XPS spectrum of MCO. The Ols spectrum could be deconvoluted into Ol
and O2 peaks. The O1 peak at ~ 530 eV corresponds to metal-oxygen bonds of metal oxide
whereas O2 at ~ 531.2 eV was assigned to oxygen in —OH groups, indicating the surface of the
material is hydroxylated due to the consequence of either surface hydroxides or substitution of

oxygen atoms at the surface by hydroxyl groups.!>1>
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Fig. S13. (a) The PXRD of Co;04 synthesized by a similar method (treating CoC,04:2H,0 in air
at 400 °C) without the presence of Mn.” The SEM (b), HRSEM (c), TEM (d) and HRTEM (e)

image showed that the morphology of Cos;0, was similar to Mn,;Co,70, and comprises of

nanochains. The BET area of Co;0,4 was about 12 m?/g.
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Fig. S14. (a) The PXRD of Mn,0; synthesized by a similar method (treating MnC,04:2H,0 in
air at 400 °C) without the presence of Co.'® The SEM (b), HRSEM (c), TEM (d) and HRTEM (e)
image showed that the morphology of Mn,0; was very different forming porous net type

structures. The BET area of Mn,O; was ~ 49 m?/g.

14



2
)geom

Current density (mAcm

— T T T T T T T T T
1.1 1.2 1.3 1.4 1.5 16 L7 18 19
Potential vs RHE (V)

Fig. S15. Cyclic voltammetry (CV) of MCO versus Co;04 and Mn,03 in 0.1 M KOH solution
with a scan rate of 20 mV/s on FTO substrates (loading ~ 1 mg).
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Fig. S16. Cyclic voltammograms of MCO versus Co3;04 Mn,0;5 electrodes recorded at a
potential sweep rate of 20 mV/s in 0.1 M KOH solution.!7-2
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Fig. S17. Current-time chronoamperometry responses of MCO and Co;04 measured at 1.62 V
and 1.66 V vs RHE in 0.1 M KOH solution. The current was almost stable for MCO, however, in
the case of Co304, about 30% initial activity was lost over the period of 8h.
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Fig. S18. Cyclic voltammetry (CV) of MCO, Co;04 and Mn,O; in 1 M KOH solution with a
scan rate of 20 mV/s on NF substrates (loading ~ 3 mg).
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Table S5. The comparison of OER overpotentials of MCO with other superior selected non-
noble catalysts 1 M KOH (pH 14).

Catalyst Current density (mAcm?) Overpotential (mV) Reference
MCO 10 320 This work
Co30, 10 360 This work
Mn,0; 10 560 This work
RuO, 10 350 This work
IrO, 10 410 This work
Pt 10 650 This work
Co-P/Cu 10 345 21
NiCo/NS 10 334 22

NiCo LDH 10 367 23
NiyCo3—O4 NWs/Ti 10 370 24

Ni;Fe, NC/GC 10 330 25

Co504/ NiC0,04 DSNCs 10 340 26

CoP/Cu 10 345 21

CoCo LDH 10 393 2
N-G/CoO 10 340 27
C0304/N-rmGO 10 320 28

CoFeOy 10 360 2

NiFeOy 10 350 2

MnOy 10 573 30
MoO,/NF 10 250 3
MoO,/NF compact 10 500 31
Ni,P/FTO 10 400 32
Ni,P/FTO 10 500 32
NiPy-325 10 320 33

Ni-P film 10 344 34
C0304@Co0 SC 10 430 35

FeNi oxide 10 380 36

CoSe; 10 320 37

CoMn LDH 10 324 38
Co;04-MTA 10 400 39

CoTe, 10 380 40

Co- Birnessite 10 360 41

Co3ZnC 10 366 42
Co(OH), 10 325 43

CoOy 10 325 44

CoO 10 497 4

Co0304 10 497 4

Co 10 537 4

CoOy electrodeposited 10 380 46
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Fig. S19. The TEM (scale bar 50 nm), HRTEM (5 nm) images and their corresponding SAED
patterns of as prepared MCO on FTO. No amorphous shell was seen on the surface of catalyst
confirming the phase purity of the product.
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Amorphous shell

Fig. S20. The TEM (scale bar 50 nm), HRTEM (2 nm) images and their corresponding SAED
patterns of MCO after the chronoamperometric measurements at an applied potential of 1.53 V
vs RHE for 8 hin 0.1 M KOH. A thin amorphous shell was resulted on the surface of catalyst.

19



Amorphous shell

Fig. S21. The TEM (scale bar 5 nm), HRTEM (2 nm) images and their corresponding SAED
patterns of MCO after the chronoamperometric measurements at a potential of 1.62 V vs RHE
for 8 h in 0.1 M KOH. The thickness of amorphous shell was clearly increased on the surface of
the catalyst.
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Fig. S22. The Co2p XPS spectra of MCO at the onset and elevated oxygen evolution electrode
potential. The Co(II) and Co(IIl) have similar 2p BE but are often differentiated by the
Co2p1,—2p3. spin—orbit level energy spacing while the BE of 16 eV can be assigned to Co(II)
and 15 eV to Co(IlI). In the XPS study, Co2p spectra displayed a spin—orbit level energy spacing
of 15.3 eV after applying an onset potential in comparison to the as-synthesised MCO with
spacing 15.5 eV. This directly indicates that there is an increase in the amount of Co(IIl) and
probably in the surface structure at the onset potential. However, at an applied potential 1.62 V, a
large amount of Co(IIl) was detected (spin—orbit level energy spacing 15.1 eV) from the higher
energy shift of the peak that evidences major changes in the near-surface region.*+47-49
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Fig. S23. The Ols XPS spectra of (left) Mng3Co,,04 (MCO) at an applied potential of 1.53 V
(right) 1.62 V vs RHE after the current-time chronoamperometry for 8 h. The Ols spectrum in
both cases was deconvoluted into three peaks (O1, O2 and O3). The peaks (O1) at ~ 530.5 eV
correspond to metal-oxygen bonds in metal oxides. The peaks (O2) between ~ 530.8 to 535.5 eV
were largely increased in comparison to the as synthesized MCO before electrochemical water
oxidation with higher fraction of —OH groups confirming, the surface of the material is
hydroxylated. The peaks (O3) at around ~ 536 can be correlated to the absorbed water molecules
on the surface of the materials. The values obtained here are in accordance with the other
literature reported oxide materials.4447-49
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