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Experimental Procedures

1) Nanoparticle synthesis

Iron oxide core-shell NPs:
Four different types of core-shell NPs were synthesized aiming for different sizes of the core and of the shell. 

- CS-1: 
The iron oxide NPs were synthesized an already published protocol1. A two-necked round-bottom flask was filled with 1.38 g (2.22 
mmol) of iron (II) stearate, 1.254 g (4.44 mmol) of oleic acid (99% Alfa Aesar) and 20 mL of ether dioctyl (BP = 290 °C, 97% Fluka). 
The brownish mixture was heated at 100 °C under a magnetic stir for 30 min in order to remove water residues and to homogenize 
the solution. The magnetic stirrer was then removed and the flask was connected to a reflux condenser before heating the solution to 
reflux for 2 h with a heating ramp of 5 °C/min. At the end, the mixture was allowed to cool to 100 °C. 4 mL of the solution was kept to 
analyze following an already published protocol2. After cooling these 4mL at room temperature, the NPs were precipitated by the 
addition of acetone and washed by agitation with a magnetic stirrer in warm acetone (60°). 
After a cooling down the rest of the solution, 0.29 g (0.46 mmol) of cobalt (II) stearate, 0.791 g (2.8 mmol) of oleic acid, and 32 mL of 
1-octadecene were added to the reaction medium. The mixture was heated to 100 °C for 30 min under magnetic stirring to remove 
water residues and to homogenize the solution. After removal of the magnetic stirrer, 0.585 g (0.94 mmol) of iron (II) stearate was 
added. The flask was then connected to a reflux condenser to heat the solution at reflux for another 2 h with a heating ramp of 1 
°C/min. After cooling to room temperature, the nanoparticles were precipitated by the addition of acetone and then washed by 
centrifugation in a mix of chloroform and acetone. They were then stored in chloroform. 
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- CS-2:
The iron oxide NPs were synthesized an already published protocol1.A two-necked round-bottom flask was filled with 1.38 g (2.22 
mmol) of iron (II) stearate, 1.254 g (4.44 mmol) of oleic acid (99% Alfa Aesar) and 20 mL of ether dioctyl (Bp = 290 °C, 97% Fluka). 
The brownish mixture was heated at 100 °C under a magnetic stir for 30 min in order to remove water residues and to homogenize 
the solution. The magnetic stirrer was then removed and the flask was connected to a reflux condenser before heating the solution to 
reflux for 2 h with a heating ramp of 5 °C/min. At the end, the mixture was allowed to cool to 100 °C. 4 mL of the solution was kept to 
analyze: after cooling these 4mL at room temperature, the NPs were precipitated by the addition of acetone and washed by agitation 
with a magnetic stirrer in warm acetone (60°). Then, the shell was synthesized adapting an already published protocol3. 
After a cooling down step 0.335 g (0.531mmol) of cobalt stearate (II) was dissolved in 20 mL of octadecene and subsequently added 
to the remaining solution. The reaction medium was heated again at 100°C for 30 minutes under magnetic stirring to remove water 
residues and to homogenize the solution.  After removal of the magnetic stirrer, the flask was connected to a reflux condense to heat 
the solution at reflux for 3 h under air with a heating rate of 1°C/min. Finally, after cooling to room temperature, the nanoparticles 
were precipitated by the addition of acetone to wash them by agitation with a magnetic stirrer in warm acetone (60°) for 1 hour. They 
were then stored in chloroform

- CS-3:
The iron oxide core of the NPs was synthesized using iron stearate (III), the synthesis protocol was developed by F. Perton4. A two-
necked round-bottom flask was filled with 2 g (2.2 mmol) of commercial iron (III) stearate, 1.23 g of oleic acid (99% Alfa Aesar), 19.5 
mL of squalane and 0.5mL of dibenzyl ether. The brownish mixture was heated at 120 °C under a magnetic stir for 1 hour in order to 
remove water residues and to homogenize the solution. The magnetic stirrer was then removed and the flask was connected to a 
reflux condenser before heating the solution to reflux for 1 h with a heating ramp of 5 °C/min. At the end, the mixture was allowed to 
cool to 120 °C. After cooling at room temperature, the NPs were precipitated by the addition of acetone and washed by agitation with 
a magnetic stirrer in warm acetone (60°) for 30 minutes. They were then stored in chloroform.
For the second thermal decomposition to synthetize the shell, half of the already washed core NPs stored in chloroform were taken 
and the chloroform was evaporated with a rotavapor. 0.456 g (0.73 mmol) of cobalt (II) stearate, 0.914 g (1.47mmol) of iron (II) 
stearate, 1.27 g of oleic acid, 10 mL of dioctyl ether, and 20 mL of 1-octadecene were added to the reaction medium. The mixture 
was heated to 100 °C for 30 min under magnetic stirring to remove water residues and to homogenize the solution. After removal of 
the magnetic stirrer, the flask was then connected to a reflux condenser to heat the solution at reflux for another 2 h with a heating 
ramp of 1 °C/min. After cooling to room temperature, the nanoparticles were precipitated by the addition of acetone to wash them by 
agitation with a magnetic stirrer in warm acetone (60°) for 1 hour. They were then stored in chloroform. 

- CS-4: 
A two-necked round-bottom flask was filled with 2 g (2.2 mmol) of commercial iron (III) stearate, 1.24 g of oleic acid (99% Alfa Aesar), 
and 20 mL of ether dioctyl (BP = 290 °C, 97% Fluka). The brownish mixture was heated at 120 °C under a magnetic stir for 1 hour in 
order to remove water residues and homogenize the solution. The magnetic stirrer was then removed and the flask was connected to 
a reflux condenser before heating the solution to reflux for 2 h with a heating ramp of 5 °C/min. At the end, the mixture was allowed to 
cool to 120 °C. 4 mL of the solution was taken for characterization and after cooling at room temperature, these NPs were 
precipitated by the addition of acetone and washed by agitation with a magnetic stirrer in warm acetone (60°) for 30 minutes. They 
were then stored in chloroform.
For the second thermal decomposition to synthesize the shell, 1.16 g (1.84 mmol) of cobalt (II) stearate, 2.36 g (3.68 mmol) of iron 
(II) stearate, 1.27 g of oleic acid, and 40 mL of 1-octadecene were added to the reaction medium. The mixture was heated to 100 °C 
for 30 min under magnetic stirring to remove water residues and to homogenize the solution. After removal of the magnetic stirrer, the 
flask was then connected to a reflux condenser to heat the solution at reflux for another 2 h with a heating ramp of 1 °C/min. After 
cooling to room temperature, the nanoparticles were precipitated by the addition of acetone to wash them by agitation with a 
magnetic stirrer in warm acetone (60°) for 1 hour. They were then stored in chloroform.

- Co(1-x)Fe(2+x)O4: 
The cobalt ferrite nanoparticles where synthesized using the previously synthesized stearates of iron and cobalt following the already 
published protocols.5,6 A two-necked round-bottom flask was filled with 1.24 g (2.0 mmol) of iron (II) stearate, 0.63 g of cobalt (II) 
stearate, 1.254 g (4.44 mmol) of oleic acid (99% Alfa Aesar) and 20 mL of 1-octadecene (BP = 315 °C, 95% Sigma Aldrich). The 
brownish mixture was heated at 100 °C under a magnetic stir for 30 min in order to remove water residues and to homogenize the 
solution. The magnetic stirrer was then removed and the flask was connected to a reflux condenser before heating the solution to 
reflux for 2 h with a heating ramp of 1 °C/min. At the end, the mixture was allowed to cool to 100 °C. After cooling at room 
temperature, the NPs were precipitated by the addition of acetone and washed by agitation with a magnetic stirrer in warm acetone 
(60°) for 30 minutes. They were then stored in chloroform.

2) Transmission electron microscopy (TEM) images of the nanoparticles: 

The TEM images were obtained on a JEOL 2100 LaB6 instrument with a 0.2 nm point-to-point resolution. The Fast Fourier 
Transformation and the microscopy images treatment and analysis were done using the DigitalMicrograph software. 
STEM images and EELS data were obtained using a probe-corrected Titan low-base (Thermo Fisher Scientific) equipped with a high-
brightness field-emission gun (X-FEG). Convergence angle was 25 mrad and collection angle for HAADF imaging was 48 (60) mrad at 
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300 (80) keV. HRSTEM images were acquired at 300 keV while EELS data was acquired at 80 keV, except for data on sample CS-4 
(Figure 6 in SI). A Gatan Image Filter (GIF) Tridiem ESR 865 spectrometer was employed for EELS data acquisition using an energy 
dispersion of 0.2 eV/pixel and a collection angle of 68 mrad. Spectral range was chosen to encompass O-K edge (532 eV), Fe-L3, L2 
edge (708 eV) and Co-L3,L2 edge (780 eV). Spatially-resolved EELS maps were acquired using DigiScan (Digital Micrograph) with pixel 
sizes below 5 Angstrom. EELS data was analyzed with a custom Matlab software. Spectrum-images were denoised using principal 
component analysis (PCA) and quantified by integrating a 30-eV wide window of the background-subtracted spectra and normalizing 
with calculated scattering cross sections. 
Samples for HRSTEM and EELS measurements were prepared by drop-casting of 2 µL on holey-carbon TEM grids from the chloroform-
stabilized NP suspensions diluted 1:50 in ethyl alcohol. After drying, the grids with NPs were washed in a bath of activated C and ethyl 
alcohol similar to the process described by Li et al.7 to minimize contamination.

3) Dynamic light scattering (DLS): 

Measurements were performed using a nanosizer Malvern (nano ZS) zetasizer at a scattering angle of 173°. A measure corresponds 
to the average of 3 runs of 1min.

4)  X-ray diffraction (XRD):

For CS-1 XRD was performed using a Bruker D8 Advance equipped with a monochromatic copper radiation (Kα = 0.154056 nm) and 
a Sol-X detector in the 20−80° 2θ range with a scan step of 0.02°. High-purity silicon powder (a = 0.543082 nm) was systematically 
used as an internal standard.
For CS-3 and CS-2, a Bruker D8 Advance equipped with a non-monochromatic copper radiation (Kα = 0.154056 nm) and a Sol-X 
detector in the 20−80° 2θ range with a scan step of 0.02°. High-purity silicon powder (a = 0.543082 nm) was systematically used as an 
internal standard.
For CS-4 The XRD measurements were carried out on a D8 Discover diffractometer in Bragg Brentano geometry equipped with a Cu 
Sealed tube (λKα1 = 1.54059 Å), a quartz front monochromator, a motorized anti-scatter screen and an energy resolved Lynxeye XE-T 
linear detector. Measurements were performed in the 20−80° 2θ range with a scan step of 0.02°. High-purity silicon powder (a = 
0.543082 nm) was systematically used as an internal standard.
For Co(1-x)Fe(2+x)O4 nanoparticles XRD were done on Bruker D8 Advance equipped with a monochromatic copper radiation (Kα = 
0.154056 nm) and a Sol-X detector in the 20−80° 2θ range with a scan step of 0.02°. High-purity silicon powder (a = 0.543082 nm) was 
systematically used as an internal standard.

From the diffractograms, it is possible to extract the cell parameter. This parameter was obtained by fitting the data with fullprof software.

5) Cyclic voltammetry measurements: 

The NPs were drop casted on a clean polished glassy carbon electrode (d=0.5 cm) and then a 3-electrode cell was used with a 0.1M 
NaOH electrolyte to characterize the material electrochemically. The working electrode (WE) is the glassy carbon with the NPs, the 
counter electrode (CE) is a gold wire, and the reference electrode (RE) is a Hg/HgO electrode which potential vs RHE has been 
regularly calibrated to make sure that its potential wasn’t changing with time. 
The first 50 cycles were done between 0.83 and 1.43V vs. RHE with a scan rate of 100mV/s in order to clean the surface and to get rid 
of the oleic acid/ organic molecules that can surround the NPs. Then cycles between 0.83 and 1.73V vs. RHE were performed with a 
10mV/s scan rate. On these curves that will be corrected from the ohmic losses, the Tafel slope and the activity were determined. 
Measurements were performed on a Gamry potentiostat REF 600.
The NPs are in suspension in chloroform, 10 mL were dropcasted directly on the electrode and the chloroform was evaporated, resulting 
in loading of CS-1, CS-2, CS-3, CS-4 and cobalt ferrite nanoparticles of 0.63, 4.23, 1.43, 2.30 and 1.34 μg cm-2, respectively. 

The surface of the NPs used to calculate the activity has been estimated from the average diameter of the NPs assuming spherical 
shape and that all the surface of the catalyst was involved in the reaction. 

6) Impedance measurements: 

Impedance measurements were performed with the same sample as for the cyclic voltammetry measurements on the same Gamry 
REF 600 potentiostat after the cyclic voltammetry measurements at 2 different potentials: 1.63 and 1.68V vs. RHE. The range of 
frequency was from 0.2Hz to 100 kHz with 10 points per decade. These impedance measurements will be used to measure the 
electrolyte resistance and to correct the ohmic losses in the cyclic voltammetry curves.

7) Depth profiling measurements:

Depth profiling measurements were performed on ISSIS beamline of BESSY synchrotron. The kinetic energies that were used for 
probing different depths inside the NPs are 150, 200, 300, 400 and 500 eV. The average mean free paths for these energies were 
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given by QUASES software. The area of the Co2p and Fe2p peaks have been integrated thanks to casa XPS software and the 
proportion of iron vs cobalt has been calculated using the following formula: 

𝐶𝐴=

𝐼𝐴
𝑆𝐴

∑(
𝐼𝑛
𝑆𝑛
)

Where CA is the atomic concentration of a given element among a number of n elements. IA---In is the area of the peak characteristic 
of a given element, SA- - - Sn are the sensitivity factor that depends on the cross-section of the element and also on the flux of the 
incident source. The cross-sections were taken from ELETTRA synchrotron website8 and the flux was taken from BESSY flux curve. 

Complementary data analysis 

1) TEM analysis of the core-shell NPs:

Pristine NPs display a narrow size distribution and spherical shape (Figure S1). 

Figure S1: TEM micrographs of pristine Fe3O4 NPs used for the synthesis of CS-1 (A), CS-2 (B), CS-3 (C) and CS-4 (D)

Figure S2: TEM micrograph and size-distribution of Co(1-x)Fe(2+x)O4  NPs

From the TEM micrographs, the size of pristine and core-shell NPs were calculated. Assuming the NPs were perfectly spherical and 
without considering the diffusion phenomena, it was possible to calculate the volume of the core and the volume of the shell by 
subtracting the core volume to the core-shell volume. From these volumes, their contribution to the total volume of the NPs was 
calculated thanks to the following calculation (x being the shell or the core):
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𝑉𝑥%=
𝑉𝑥
𝑉𝑡𝑜𝑡

From these volume contributions, as in the core there is only iron oxide (100 %) and in the shell, there is 66 % of iron oxide, the 
theoretical atomic percentage of iron in the NPs was calculated as it follows:

𝑉𝑠ℎ𝑒𝑙𝑙%× 0.66 + 𝑉𝑐𝑜𝑟𝑒%× 1 =%𝑎𝑡𝐹𝑒

This proportion was compared to the experimental Co:Fe ratio measured thanks to EDX (Table S1). 

Table S1: EDX measured cobalt concentration and theoretical concentration for core-shell NPs

Sample Co:Fe experimental Co:Fe theoretical

CS-1 16 9

CS-2 15 3

CS-3 19 9

CS-4 12 12

2) Granulometry analysis: 

Granulometry is useful to detect the presence of aggregates in the colloidal suspension of the NPs. The NPs are surrounded by oleic 
acid that is grafted at their surface, this surfactant is the reason for their stability and non-aggregation. The hydrodynamic diameter 
(NPs and oleic acid system) was measured (Figure S3). 
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Figure S3: Granulometry measurements. The hydrodynamic diameter is plotted as a function of the volume count for CS-1, CS-2, CS-3, CS-4 and Co(1-x)Fe(2+x)O4  

Figure S3 evidences a monomodal distribution of the hydrodynamic diameter in volume counts for all NPs. Some additional 
contributions can be seen for CS-2 and  CS-4 around 300 nm that are characteristic of a few aggregates which can be neglected as 
they represent a small contribution to the total volume of NPs in the suspension. 
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3) XRD characterization of the NPs: 

The XRD patterns were measured for the core and the core-shell system of all samples (Figure S4).

A

C

B

D

Figure S4: XRD patterns obtained for CS-1 (A), CS-2 (B), CS-3 (C) and CS-4 (D). Bar diagrams correspond to the spinel structure (Fe3O4 either CoFe2O4).
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Figure S5: XRD pattern of the synthesized Co(1-x)Fe(2+x)O4   NPs

Figure S4 shows that all the NPs present the peaks characteristics of the inverse spinel structure. The CoFe2O4 and the Fe3O4 both 
having the same structure with almost the same cell parameter (8.396 Å for magnetite and 8.3919 Å for CoFe2O4), it is not possible to 
discriminate them on a XRD patterns.
The cell parameters of the different NPs were also calculated using Rietveld refinement thanks to the Fullprof program. The values are 
given in Table S2 below. It can also be observed that the calculations of the cell parameters for the different NPs are coherent with the 
values expected in the literature.

Table S2: cell parameters calculated for CS-2, CS-1, CS-3, CS-4

Sample Cell parameter (Å)

CS-1 Core-shell: 8.3815 ± 0.001

CS-2
Core: 8.395 ± 0.001
Core-shell: 8.386 ± 0.002
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CS-3
Core: 8.386 ± 0.001
Core-shell: 8.387 ± 0.004

CS-4
Core: 8.3866 ± 0.003
Core-shell:8.3797 ± 0.006

Co(1-x)Fe(2+x)O4  Shell: 8.3978 ± 0.018

4) EELS and STEM HAADF characterizations of the NPs:

The STEM HAADF images of the NPs are given below (Figure S6). They are crystalline and display lattice fringes distances typical of 
the spinel structure. 

Figure S6: STEM HAADF micrographs of CS-1 (A) and CS-2 (B), CS-3 (C) and CS-4 (D).

The iron and cobalt distribution in the shell can be evidenced thanks to the ratio of the intensities of Fe and Co L-edges in the shell and 
in the core divided by calculated scattering cross sections. The scattering cross section for Co is slightly higher for Co than for Fe under 
the used conditions. Figure S7 evidences that the intensity for iron is higher in the core of the NP and that the one of cobalt is higher in 
the shell which is coherent with a higher density of cobalt in the shell.

Figure S7:  Exemplary EELS spectra obtained from the core and shell region of a NP of the CS-2 sample showing the overview spectrum, the background-
corrected spectra of the O-K, the Fe-L, and the Co-L edge. 

A B

C D
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The thickness of the shell of CS-4 is more important than the one of CS-3 (Figure S8). For this sample, the atomic fraction of cobalt is 
about 14% which is the expected proportion if the material of the shell is CoFe2O4. This sample presents a larger size distribution than 
the other synthesis but the shell is sharp and present at the surface of the NPs. 

Figure S8: SR-EELS elemental maps :  composite (A), cobalt (B), iron (C) and oxygen (D) and profile of element concentration of CS-4 (E) corresponding to the 
white line in A.

5) Depth profiling measurements

Depth profiling measurements were performed at various incident energies. Indeed, when acquired under the appropriate conditions, 
one can get a complete quantitative elemental analysis as a function of the depth of the sample: 68 % of all photoelectrons will arise 
from within a depth of λ (the inelastic mean free path)  and 99.7 % will be arising from a 3λ depth9,10. The obtained XPS spectra of 
iron and cobalt have been fitted and the area of the 2p peaks have been calculated (Figure S9). This area being proportional to the 

quantity of the cation, the quantification of the Fe/Co atomic ratio was then possible. 
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Figure S9: XPS Fe2p peaks (A) and Co2p (rB) spectra and their fitting for different kinetic energies obtained while performing the depth profiling of CS-3. Black: 
experimental data, yellow: fitting of the experimental data, sum of all the other peaks:  2p3/2 (red) and its satellite (green) as well as 2p1/2 (dark blue) and its 

satellite (light blue).

6) Tafel slopes

Table S3: Tafel slopes for core-shell and Co(1-x)Fe(2+x)O4   NPs extracted from cyclic voltammetry measurements performed in 0.1 M NaOH at 10 mV s-1 at 
two values of the electrode potential 1.62 and 1.67 V vs RHE.

Sample Tafel slope at 1.62V
(mV/decade)

Tafel slope at 1.67V
(mV/decade)

CS-1 63 ± 2 76 ± 2

CS-2 52 ± 3 78 ± 3

CS-3 63 ± 2 69 ± 2

CS-4 58 ± 2 72 ± 2

A DB C E

A B
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Co(1-x)Fe(2+x)O4  76 ± 5 108 ± 2

6). Selected values of electrocatalytic activities of Co oxides from the literature

The activities of various transition metal oxide catalysts have been reported in the literature. A non-exhaustive list of these activities 
along with their Tafel slopes and some complementary characteristics (catalyst loading, type and concentration of the electrolyte, as 
well as carbon addition) are reported inTable S4.

Table S4: Mass activities calculated from the literature for different types of catalysts and their Tafel slopes. Data with * have been extrapolated thanks to the 
values of the Tafel slopes. 

Catalyst Mass 
activity(A/g)

Tafel 
slope

Loading (µg/cm²) Carbon Electrolyte 
concentration

reference

Co(OH)2 125* 59 204

CoFe layered 
double hydroxide

185* 43
Graphene 0.1M KOH 11

CoFe2O4 NFs 16 82

CoFe2O4 NPs 2 223 429

CuFe2O4 NFs 0.3 93

Fe2O3 NFs 0.2 148

NiFe2O4 NFs 3.4 98

No carbon 0.1M KOH 12

CoCr2O4 23.4 177

Co2TiO4 2.1 83 204

MgCo2O4 120 70

Co3O4 51.6* 61

No carbon 0.1M KOH 13

Co3O4 9.6 83

Co(OH)2 12 63 210
No carbon 0.1M KOH 14

Fe3O4 21 96

Co3O4 78 72 960

CoFe2O4 182 58

No carbon 1M KOH 15

Co3O4@CoO@Co 56 92 127 No carbon 0.1M KOH 16

Fe3O4@CoO 77A/goxide 

154 A/gcobalt*
89 300 (catalyst) Vulcan XC-72 0.1M KOH 17

Au@Co3O4 312A/goxide 

500A/gcobalt*
60 200 (catalyst+carbon)

64 (catalyst) 
40 (Co3O4)

Vulcan XC-72 0.1M KOH
18

Au@CoFeOx 16 200A/gTM* 58 56 (TM) Vulcan XC-72 1M KOH 19

Au@NiCo2S4 50 000A/goxide* 44.5 200 (catalyst+ carbon) Carbon black 1M KOH 20

Fe3O4 15 A/goxide 105

Co0.25Fe2.75O4 38 A/goxide

600 A/gcobalt

80

Co0.5Fe2.5O4 76 A/goxide

540 A/gcobalt

45 100

Co0.75Fe2.25O4 128 A/goxide

680 A/gcobalt

46

No carbon 1M KOH 21
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CoFe2O4 128 A/goxide

510 A/gcobalt

45

Co1.25Fe1.75O4 165 A/goxide

528 A/gcobalt

48

Co1.5Fe1.5O4 232 A/goxide

620 A/gcobalt

46

Co1.75Fe1.25O4 261 A/goxide

600 A/gcobalt

50

Co2FeO4 335 A/goxide

675 A/gcobalt

50

Co2.25Fe0.75O4 370 A/goxide

666 A/gcobalt

52

Co2.5Fe0.5O4 318 A/goxide

516 A/gcobalt

47

Co2.75Fe0.25O4 220 A/goxide

327 A/gcobalt

56

Co3O4 150 A/goxide 61

Co3O4 123* A/goxide 61.8 300 No carbon 

Co3O4 240* A/goxide 80 15 Sibunit

Co3O4 152* A/goxide 65 15 BDD

1M NaOH 22

CoOx(OH)y 9nm 5000* A/goxide 37 2.98 

CoOx(OH)y 6nm 5000* A/goxide 39 0.82

CoOx(OH)y 4nm 11 000* 
A/goxide

43 0.82

CoOx(OH)y 1nm 14 000* 
A/goxide

43 0.25

No carbon 0.1M KOH 23
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