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1) Instrumentation and Methodology

Single crystal X-ray diffraction: Crystals of suitable size for single crystal X-ray diffraction measurements were 

mounted on a MiTiGen micromount. Intensity data was collected on a Bruker APEX DUO equipped with an APEX 

II CCD detector and a sealed tube Mo-Kα (λ = 0.71073 Å) X-ray source with a graphite monochromator. 

Temperature control was accomplished with an Oxford Cryostream Cobra LT unit. Intensity data was processed 

with SAINT+1 and corrected for absorption by multi-scan methods using SADABS.2 Structure solution was 

accomplished using intrinsic phasing as implemented in SHELXT3 and refinement on F2 with full-matrix least 

squares procedures was carried out with SHELXL-20134 in Olex2.5 

Fourier-Transform Infrared (FT-IR) spectroscopy: FT-IR spectra were recorded using a Bruker Tensor II FT-IR 

spectrometer with a scan rate of 16 scans min–1 in a spectral range of 400-4000 cm–1. 

Raman spectroscopy: Raman spectroscopy measurements were performed using a Renishaw-1000 micro-Raman 

spectrometer equipped with a magnification objective (50×) and a cooled CCD camera system, which was 

calibrated prior to measurements using an internal Si standard. The spectral resolution of the spectrometer was 

1 cm–1. Each spectrum was averaged over 5 measurements with an accumulation time of 10 seconds and analysed 

using the Renishaw WIRE software package. All samples were excited using a 785 nm laser.

Thermogravimetric analysis (TGA): TGA was performed using Perkin Elmer Pyris-1 Thermogravimetric analyser 

under a continuous flow of N2. The sample was held at 30 ˚C for 1 minute, followed by heating up to 500 ˚C at 3 

˚C /minute. 

Powder X-ray diffraction (PXRD): PXRD data was collected at room temperature using a Bruker D2 Phaser 

diffractometer equipped with a CuKα X-ray source.

X-ray photoelectron spectroscopy (XPS): XPS measurements were performed at SSTTI University of Alicante 

(Spain). The sample surfaces were analysed with an XPS, K-ALPHA, Thermo Scientific. All spectra were collected 

using Al-Kα radiation (1486.6 eV), monochromatised by a twin crystal monochromator, which yields a focused X-

ray spot with 400 μm of diameter, at 3 mA × 12 kV. The alpha hemispherical analyser was operated in the constant 

energy mode with survey scan pass energies of 200 eV to measure the whole energy band and 50 eV in a narrow 

scan to selectively measure individual elements. Charge compensation was achieved with the system flood gun 

that provides low energy electrons and low energy argon ions from a single source. 

Energy-dispersive X-ray spectroscopy (EDX): EDX elemental analysis was carried out in a Zeiss ULTRA plus 

Scanning Electron Microscope equipped with a 20mm2 Oxford Inca EDX detector.

Magnetic measurements: Variable-temperature susceptibility measurements were carried out in the 

temperature range 2–300 K on a magnetometer equipped with a SQUID sensor (Quantum Design MPMS-XL-5) 

under a magnetic field of 0.1 T.

Inductively coupled plasma – mass spectrometry (ICP-MS): Elemental analysis was conducted using an Agilent 

7700x inductively coupled plasma mass spectrometer at University of Alicante.
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2) Strucutre-Reactivity relationships of Co-based POMs and analogous structures

The following table has been assembled for comparative purposes considering selected Co-based POMs 

containing either monolacunary α-Keggin or trilacunary B-α-Keggin moieties, and their analogous derivatives of 

which the OER activity has been reported. The structures of those POMs with varying nuclearity are depicted 

below:

[M(H2O)XW11O39]n- [M4(H2O)2(XW9O34)2]n- [M9(H2O)6(OH)3(HPO4)2(XW9O34)3]n-

Where M refers to the transition metal-substituted atoms and X are the heteroatoms. Colour code: M = pink; X = 

blue; W (addenda atoms) = grey; P = orange; O = red; H = white. 

 The structure of [M(H2O)XW11O39]n- consists of a monolacunary α-Keggin unit encapsulating a metal ion 

that is directly bound to a water molecule. 

 [M4(H2O)2(XW9O34)2]n- corresponds to the Weakley-sandwich structure, in which two trilacunary B-α-

Keggin archetypes are stabilising a rhombic tetranuclear oxo-bridged butterfly moiety with two water 

molecules, each binding to the external metal atoms. 

 [M9(H2O)6(OH)3(HPO4)2(XW9O34)3]n- is composed of three trilacunary B-α-Keggin moieties where the 

nonanuclear metal oxo core forms a triangle of triangles held together by two phosphate and three 

hydroxyl ligands. Six water molecules which bind to six different metal atoms complete the structure.
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Nuclearity 
(# Keggin 

units)
Polyoxometalate Variable OER Conditions Comments Refs.

Heteroatom
CoII

CoIII

SiIV
[Co(H2O)XW11O39]n-

PV

Light-Induced OER: LED 
lamp (λ ≥ 420 nm), 16 
mW; 15 μM POM, 1.0 

mM [Ru(bpy)3]2+, 5.0 mM 
Na2S2O8, 80 mM NaBi 

(initial pH 9.0)

Only CoIII shows activity
 PV is active in the solid-state
 CoII is unstable

6

Metal 

FeIII

1

[M(H2O)PW11O39]n-

CoII

Electrocatalytic OER: 
Modified carbon paste 

electrodes with the Ba2+ 
salts;  50 mM KPi buffer 

pH 6.9, 1 M KNO3

 CoII requires 60 mV less than 
FeIII to reach 1 mA/cm2 7

Heteroatom

SiIV

Light-Induced OER: LED 
lamp (λ = 470 nm); 20 μM 

POM, 1.0 mM 
[Ru(bpy)3]2+, 5.0 mM 

Na2S2O8, 20 mM Na2SiF6 
buffer (initial pH 5.8)

8

PV

[Co4(H2O)2(XW9O34)2]n-

VV

Light-Induced OER: LED 
lamp (λ = 455 nm), 42.5 

mW/cm-2; 2 μM POM  1.0 
mM [Ru(bpy)3]2+, 5.0 mM 

Na2S2O8, 80 mM NaBi 
(initial pH 9.0)

 SiIV is much less efficient than 
PV

 The final O2 yield using VV is 
twice as high as that using PV

 VV possesses a smaller ligand 
field within the tetra-cobalt core 
and a cobalt-to-vanadium 
charge transfer band, which 
decreases the activation energy 
on the O-O bond formation step

9–11

Addenda 

W18

W11Mo7

W10.4Mo7.6
[Co4(H2O)2(PM''9O34)2]10-

W10Mo8

Electrocatalytic OER: 
Nafion ink employing the 

Cs+ salts drop cast on a 
glassy carbon electrode; 
50 mM KPi buffer pH 7.1, 

1 M KNO3

 Increasing the amount of Mo 
in the addenda atoms increases 
the OER activity
Decrease of up to 188 mV at 1 
mA/cm2 with respect to W18

12

Metal 

MnII
Electrocatalytic OER:  1 
mM POM, 50 mM NaPi 

buffer pH 7.0, 1 M NaNO3

13

FeIII

CoII

Electrocatalytic OER: 
Modified carbon paste 

electrodes with the Ba2+ 
salts; 50 mM KPi buffer 

pH 6.9, 1 M KNO3

7
[M4(H2O)2(PW9O34)2]n-

NiII

Light-Induced OER: LED 
lamp (λ = 455 nm), 42.5 
mW/cm-2; 10 μM POM  

1.0 mM [Ru(bpy)3]2+, 5.0 
mM Na2S2O8, 80 mM 
NaBi (initial pH 8.0)

Ni4 is inactive
 Initial activity of Mn4 is 
comparable to that of Co4, 
although it is unstable
 Co4 possesses an intrinsically 
higher electrocatalytic surface 
area than the Fe4 derivative
 Fe4 requires 50 mV more than 
Co4 mV at 1 mA/cm2

 The activation energy for the 
O-O bond formation is lower for 
Co4 than Fe4, which results in a 
faster kinetics for the O2 
evolution

14

Mixed Metal 

2

[M4-xM'x(H2O)2(PW9O34)2]10- Co2Ni2

Light-Induced OER: LED 
lamp (λ = 455 nm), 42.5 
mW/cm-2; 10 μM POM  

1.0 mM [Ru(bpy)3]2+, 5.0 
mM Na2S2O8, 80 mM 

 Co2Ni2 is an order of 
magnitude faster than Co4

 Stronger orbital interaction 
between Ni and Co in Co2Ni2 
acts to stabilise the peroxo 

14
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NaBi (initial pH 8.0)

Co2Mn2

Ni2Mn2

Zn2Mn2

Light-Induced OER: LED 
lamp (λ = 450 nm); 20 μM 

POM, 1.0 mM 
[Ru(bpy)3]2+, 5.0 mM 
Na2S2O8, 80 mM NaBi 

(initial pH 9.0)

formation free-energy reaction 
path, thus increasing its OER 
kinetics with respect to Co4

 Co2Mn2 shows a lower OER 
activity than Co4 (although not 
directly compared)
Ni2Mn2 possesses very low 
activity
 Zn2Mn2 in inactive 

15

Heteroatom

GeIV

3
[Co9(H2O)6(OH)3(HPO4)2(XW9O34)3]n-

PV

Electrocatalytic OER: 
Modified carbon paste 
electrodes with the Cs+ 

salts; 50 mM NaPi buffer 
pH 7.0, 1 M NaO3

GeIV shows an intrinsic higher 
catalytic activity than PV

 Replacing PV by GeIV increases 
the negative charge density of 
the POM, causing an increase in 
the energy levels of the 
molecular orbitals. This renders 
a more facile oxidation of the Co 
active centre

16
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3) Electrochemical Procedures

Electrochemical measurements were performed using a Biologic VSP potentiostat. All the measurements were 

carried out in a 50 mM potassium phosphate (KPi) buffer solution using KNO3 (1 M) as electrolyte at pH 7.2. Ohmic 

drop (iR drop) compensations (85%) were applied prior to each experiment (except for differential pulse 

voltammetry (DPV) and rotating ring disk electrode (RRDE) measurements in bipotentiostat mode) using the 

positive feedback compensation method as implemented in the instrumental setup. A three-electrode set-up was 

used for all the experiments, except for the RRDE experiments (vide infra); Ag/AgCl (KCl 3M) was employed as the 

reference electrode, and a Pt wire counter electrode (a Pt mesh was used for bulk water electrolysis experiments). 

Either glassy carbon (GC) or carbon paste (CP) electrodes were employed as working electrodes, both with a 

surface area of 0.07 cm2, as stated in the main text. Linear sweep voltammetry (LSV) and RRDE experiments were 

performed using an ALS RRDE-3A set-up connected to the Biologic VSP potentiostat with a 1 mV s–1 scan rate, and 

at 1,600 and 700 rpm, respectively. LSV data was used for Tafel analyses. RRDE experiments were carried out in 

the bipotentiostat mode with two working electrodes: GC (disk) and Pt (disk). Cyclic voltammograms (CVs), DPV, 

and RRDE measurements were performed under N2 atmosphere, where the solutions were purged for at least 10 

minutes prior to each measurement. The CVs were performed at a scan rate of 100 mV s–1. Chronopotentiometric 

measurements were performed in an H-cell where the working and reference electrodes were separated from 

the counter electrode by a glass frit (P0).

The Nernst equation was used to calculate the thermodynamic water oxidation potential ( ) at the working 
𝐸 0

𝐻2𝑂 𝑂2

pH:

(Eq. S1)
𝐸 0

𝐻2𝑂 𝑂2
= 1.229 ‒ (0.059 × 𝑝𝐻) (𝑉) 𝑣𝑠 𝑁𝐻𝐸 𝑎𝑡 25 ℃

All applied potentials ( ) were converted to the NHE reference scale using . The 𝐸𝑎𝑝𝑝 𝐸𝑁𝐻𝐸 = 𝐸𝐴𝑔 𝐴𝑔𝐶𝑙 + 0.210 (𝑉)

overpotentials were calculated by subtracting the thermodynamic H2O oxidation potential ( ) from  as:
𝐸 0

𝐻2𝑂 𝑂2 𝐸𝑎𝑝𝑝

 (Eq. S2)
= 𝐸𝑎𝑝𝑝 ‒ 𝐸 0

𝐻2𝑂 𝑂2

All current densities were calculated based on the geometrical surface area of the electrodes. The onset potentials 

were estimated from the intersection point between the tangent lines of the Faradaic current at 0.2 mA cm–2 and 

the non-Faradic current. Herein all the potentials are given versus NHE, unless otherwise stated.

Preparation of the Nafion ink electrodes: 5 mg of catalyst were mixed with 5 mg of acetylene carbon black 50% 

compressed (Strem Chemicals UK Ltd.) and added into 900 µL of a 3:1 (H2O:2-propanol) solution. 100 µL of a 

Nafion® 117 solution (~5%) were also added and the mixture was sonicated for 2 h to obtain a homogeneous 

suspension. Aliquots of the mixture were deposited on the electrode surface and dried at 70 ºC for 5 minutes. 

Aliquots of 5 µL were used for glassy carbon electrodes with a surface area of 0.07 cm2, whereas 10 µL were 

employed for RRDE with a glassy carbon disk electrode with a surface area of 0.196 cm2.
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Preparation of the Carbon Paste electrodes: The corresponding quantities of the catalysts were dispersed in 

carbon paste (ALS, Carbon Paste Oil) in an agate mortar to obtain a homogeneous carbon blend, which was 

subsequently introduced into the carbon paste electrode pocket (surface area of 0.07 cm2). The surface of the 

electrode was polished with satin weighing paper to obtain a smooth surface. The electrodes were weighed 

before and after introducing the carbon blend into the pocket allowing the calculation of the catalyst quantity in 

respective blends.

Catalyst recovery and post-catalytic characterisation: In order to minimise the loss of any electrode-bound 

species that may have been formed during the reaction as best as possible, we did not separate the Ba-POM from 

the carbon paste. Therefore, after the long-term chronopotentiometric experiments, the electrodes were rinsed 

with water to avoid the crystallisation of any salt arising from the KPi buffer, and the electrode was left to dry in 

ambient conditions. Afterwards, Raman spectroscopy was performed directly on the surface of the modified 

carbon paste electrode, whereby only the POM could be identified. Other species, e.g. POM-derived metal oxides, 

could not be detected at the electrode surface. Following, we recovered the outer part of the POM-carbon paste 

blend that was introduced into the pocket of the carbon paste electrode (ca. 25% of the total employed), since 

water does not penetrate through the whole electrode pocket. Hence, this recovered portion is considered as the 

truly reactive part of the electrode since it is in close contact with water, and any hypothetical POM 

transformation should occur in this space. This POM-carbon paste blend was left under vacuum overnight, 

whereby most of the paraffin oil was removed. The resulting powder was then subjected to further 

characterisation, i.e. by IR spectroscopy, XPS analysis and EDX spectroscopy.

Quantification of the oxygen evolved: An Ocean Optics NeoFOX oxygen sensing system equipped with a FOXY 

probe was used to quantify the evolving quantity of O2. The FOXY probe was calibrated by a two-point calibration 

procedure using a 0% O2 reference under a N2 atmosphere and a 20.9% O2 reference measured in the air. The 

experiments were carried out in a  two-neck round bottom flask (total volume of 50 mL). The FOXY probe was 

inserted into the gas space (VGas space ≈ 23 mL). A N2 flow was used to completely deaerate the solution. After 

purging the solution for at least 1h, the N2 flow was removed and a base line for 30 minutes was recorded before 

starting the chronopotentiometry at a constant current density of 1 mA/cm2. The evolving O2 quantity was 

measured for 4h, after which the experiment was stopped and the O2 production ceased, as confirmed by the 

plateau observed at the end of the experiment. This observation indicates that the O2 measured exclusively arises 

from the electrocatalytic water oxidation process, and it is incompatible with any air leak in the setup. The O2 

generated during the electrochemical experiment was expressed as the partial pressure of O2. Hence, the number 

of moles of O2 produced were calculated using the Ideal Gas Law as: 

𝑛𝑂2
=  

𝑃𝑂2
·𝑉𝑔𝑠

𝑅·𝑇

where PO2 (atm) is the measured partial pressure of O2, Vgs (L) is the volume of the gas space, R = 0.082 (atm L/K 

mol) is the ideal gas law constant and T = 298 K is the temperature.



S9

The number of charges passed through the working electrode during the chronopotentiometry experiment was 

used to calculate the theoretical amount of O2 produced as:

𝑛𝑂2(𝑡ℎ𝑒𝑜𝑟) =  
𝑄

𝜈𝑒𝐹

where Q (C) is the charge passed through the system, νe = 4 is the number of electrons needed to generate one 

molecule of O2 and F is the Faraday constant (96,485 C/mol).

Turnover frequency (TOF) estimation: The electrode pocket has a depth of 4 mm and a surface area of 0.07 cm2. 

To calculate the TOFs a published method was followed, facilitating the determination of the mole quantities of 

the active catalyst.17 Following this method, the volume of the carbon blend in the electrode pocket that is in 

contact with the aqueous solution is limited to 1/8 of the total volume. The penetration layer has a thickness of 

0.5 mm. To calculate mole quantities of the POM in this volume, the weights of the electrodes were recorded 

before and after the introduction of the 30 wt.% Ba[POM]/CP blends. Considering the Ba[POM]/CP ratios and the 

molecular weight of the Ba[POMs], the total number of moles of Ba[POM] within each blend can be calculated. 

Finally, the mole quantities of active catalyst (𝚪 in Eq. 3; see main text) correspond to 1/8 of the total number of 

the mol quantities of Ba[POM].

Ba[Co2Fe2-WS] Ba[Co4-WS] Ba[Co3W-WS]

Empty 3.33654 3.33655 3.33642
Mass (g) of the electrode

Filled 3.38970 3.39220 3.39359

Molecular weight (g/mol) 6395.57 6101.42 6441.96

Total number of µmols 2.4936 2.7362 2.6624

𝚪 (µmols) 0.31170 0.34203 0.32799
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4) Synthesis and Characterisation

All chemical and reagents were used as purchased without further purification. ALS, CPO Carbon Paste Oil was 

used to prepare carbon-paste modified electrodes.

Synthesis of Na14[CoII
2(H2O)2FeIII

2(B-α-CoIIW9O34)2]·38H2O (Na[Co2Fe2-WS]): The one-pot synthesis of the mixed 

metal cobalt-iron-containing Weakley sandwich POM was performed by reacting Co(II), Fe(III) and W(VI) in a 

1:12.9:9.4 mole ratio at 80 ºC. First, a 40 mL aqueous solution containing Na2WO4·2H2O (10.8g, 32 mmol) was 

heated at 80 ºC (pH = 10.5). Separately, 3 mL of a supersaturated aqueous solution of sodium acetate was added 

to a solution of Fe(NO3)3·9H2O (1.8 g, 44 mmol) dissolved in 20 mL H2O, which was then added to a solution of 

Co(CH3COO)2·4H2O (0.96 g, 3.4 mmol) dissolved in 15 mL of H2O. The resulting solution was added dropwise to 

the above tungstate solution over a period of 30 minutes and the resulting mixture was kept at 80 ºC. After one 

hour, the solution was filtered twice to remove a brown precipitate and the resulting filtrate (pH = 8.2) was left 

for crystallisation. Two types of olive-green crystals (rods and plates), both corresponding to Na[Co2Fe2-WS] 

started to appear after ca. one week. The crystals were collected by filtration and washed with water, then with 

methanol, and finally with acetone. The sample was dried in air. The yield of Na[Co2Fe2-WS] based on Co(II) was 

18.7% (higher yields are achievable through extended crystallisation times and further evaporation of the 

solvent).

FT-IR data (in cm─1): 917(m), 848(m), 692(m), 651(m), 440(w), 422(w) (Fig. S1). The counter cation content was 

determined by X-ray photoelectron spectroscopy (XPS) and EDX analyses (see Table S3 and Table S4). The 

constitutional H2O content in the lattice was determined by thermogravimetric analysis (Fig. S2). PXRD patterns 

of the sample and comparison with the single crystal data, confirm the structural identity of rod- and plate-shaped 

crystals (Fig. S3). EDX analysis (atomic %): Expected: W, 47.37; Co, 10.53; Fe, 5.26; Na, 36.84; Found: W, 47.48, 

Co, 10.72; Fe, 5.39; Na, 36.41. Mw = 5787.15 g mol─1.

Preparation of Ba6.7Na0.6[CoII
2(H2O)2FeIII

2(B-α-CoIIW9O34)2]·37.8H2O (Ba[Co2Fe2-WS]): To a solution of 0.20 g of 

Na[Co2Fe2-WS] in 20 mL of H2O, solid BaCl2 was slowly added while stirring until precipitation of a pale olive green 

solid corresponding to Ba[Co2Fe2-WS] was completed, leaving a colourless solution. The precipitate was filtered 

under vacuum and washed with water and acetone and dried in air.

The FT-IR and Raman spectra are identical to those obtained for Na[Co2Fe2-WS] (see Fig. S1 and Fig. S4). The 

countercation content was determined by X-ray photoelectron spectroscopy (XPS) and EDX analyses (see Table 

S3 and Table S4). The constitutional H2O content in the lattice was determined by thermogravimetric analysis (Fig. 

S5). EDX analysis (atomic %): Expected: W, 57.75; Co, 12.78; Fe, 6.39; Na, 1.92; Ba, 21.41; Found: W, 57.75, Co, 

12.54; Fe, 6.79; Na, 2.16; Ba, 20.76. Mw = 6395.57 g mol─1.
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Fig. S1: FT-IR spectra of Na14[CoII
2(H2O)2FeIII

2(B-α-CoIIW9O34)2]·38H2O (Na[Co2Fe2-WS], blue) and 

Ba6.7Na0.6[CoII
2(H2O)2FeIII

2(B-α-CoIIW9O34)2]·37.8H2O (Ba[Co2Fe2-WS], red).

Fig. S2: Thermogravimetric analysis for Na14[CoII
2(H2O)2FeIII

2(B-α-CoIIW9O34)2]·38H2O (Na[Co2Fe2-WS]).
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Fig. S3: PXRD pattern for Na14[CoII
2(H2O)2FeIII

2(B-α-CoIIW9O34)2]·38H2O (Na[Co2Fe2-WS], black) compared to a 

simulated pattern based on single crystal data (red).

Fig. S4: Raman spectra for Na14[CoII
2(H2O)2FeIII

2(B-α-CoIIW9O34)2]·38H2O (Na[Co2Fe2-WS], blue) and 

Ba6.7Na0.6[CoII
2(H2O)2FeIII

2(B-α-CoIIW9O34)2]·37.8H2O (Ba[Co2Fe2-WS], red). 
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Fig. S5: Thermogravimetric analysis for Ba6.7Na0.6[CoII
2(H2O)2FeIII

2(B-α-CoIIW9O34)2]·37.8H2O (Ba[Co2Fe2-WS]).

Synthesis of Na12[CoII
2(H2O)2CoIIWVI(B-α-CoIIW9O34)2]·44.3H2O (Na[Co3W-WS]): Na2WO4·2H2O (56.0 g, 170 mmol) 

was dissolved in 250 mL of H2O and the pH was adjusted to 7.5 with glacial acetic acid. This solution was heated 

at 80 ºC under stirring. Separately, Co(CH3COO)2·4H2O (7.0 g, 28.1 mmol) was dissolved in 100 mL of H2O and 

added to a 100 mL aqueous solution containing Co(NO3)2·6H2O (7.0 g, 14 mmol), yielding a purple solution. The 

latter solution was added dropwise to the tungstate solution slowly yielding a teal-coloured solution. After 

complete addition, the solution was heated at reflux for one hour, cooled to room temperature and filtered 

repeatedly to remove a teal precipitate. The solution (pH = 6.3) was left to crystallise. After two weeks water-

insoluble pink crystals appeared, which unfortunately were not suitable for single crystal X-ray measurements. 

The mixture was filtered and left to crystallize. After two additional weeks, further pink crystals appeared together 

with emerald-green needle-shaped crystals. The emerald-green needles were decanted from the mother liquor, 

dissolved with H2O and separated from the pink crystals by filtration. Sodium acetate (1 g) was added to the 

resulting green solution, filtered again, and left to crystallise. After one day, pure emerald-green needles 

(Na[Co3W-WS]) were obtained, collected by filtration, washed with water, methanol, and acetone. The pure 

sample was dried in air. The mother liquor was also left to crystallize, which continued yielding pink and emerald-

green crystals. The previously described procedure was repeated to obtain a phase-pure sample of Na[Co3W-WS] 

crystals (Yield based on Co: ca. 2 %) 

FT-IR data (in cm─1): 915(m), 861(m), 725(br), 688(m), 644(m), 531(w), 419(w) (Fig. S6). Water content was 

determined by TGA (Fig. S7). EDX analysis (atomic %): Expected: W, 52.78; Co, 13.89; Na, 33.33; Found: W, 51.59, 

Co, 12.06; Na, 36.34. Mw = 5985.76 g mol─1.

Preparation of Ba6[CoII
2(H2O)2CoIIWVI(B-α-CoIIW9O34)2]·39.2H2O (Ba[Co3W-WS]): The preparation of the title 

compound was performed following the same procedure as described for Ba[Co2Fe2-WS].
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The FT-IR spectrum is identical to that obtained for Na[Co3W-WS] (see Fig. S6). The countercation content was 
determined by EDX spectroscopy. The constitutional H2O content was determined by TGA (Fig. S8). EDX analysis 
(atomic %): Expected: W, 63.33; Co, 16.67; Ba, 20.00; Found: W, 64.51, Co, 14.57; Ba, 20.93. Mw = 6441.96 g 
mol─1.

Fig. S6: FT-IR spectra of Na12[CoII
2(H2O)2CoIIWVI(B-α-CoIIW9O34)2]·44.3H2O (Na[Co3W-WS], dark green) and 

Ba6[CoII
2(H2O)2CoIIWVI(B-α-CoIIW9O34)2]·39.2H2O (Ba[Co3W-WS], light green).

Fig. S7: Thermogravimetric analysis for Na12[CoII
2(H2O)2CoIIWVI(B-α-CoIIW9O34)2]·44.3H2O (Na[Co3W-WS]).
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Fig. S8: Thermogravimetric analysis for Ba6[CoII
2(H2O)2CoIIWVI(B-α-CoIIW9O34)2]·39.2H2O (Ba[Co3W-WS]).

Synthesis of K10[CoII
2(H2O)2CoII

2(B-α-PW9O34)2] (K[Co4-WS]): This well-known polyoxometalate was prepared 

applying an optimised literature method.18 Na2WO4·2H2O (33.0 g, 100 mmol) and Na2HPO4 (1.57 g, 11.1 mmol) 

were dissolved in 100 mL of H2O and the pH was adjusted to 6.5 through addition of glacial acetic acid. To this 

mixture, a solution containing of Co(CH3COO)2·4H2O (5.48 g, 22 mmol) in 50 mL of H2O, was added. The resulting 

dark-purple solution was refluxed for 2 hours. After this time period the mixture was filtered twice to remove a 

residual purple precipitate. The resulting solution was saturated with 3 g of potassium acetate, filtered again, and 

allowed to cool at room temperature. Rhombic, purple crystals of K[Co4-WS] were collected by filtration, washed 

with water, methanol, and acetone. The sample was dried in air. 

The compound was characterised by FT-IR spectroscopy (Fig. S9).

Preparation of Ba5[CoII
2(H2O)2CoII

2(B-α-PW9O34)2]·38H2O (Ba[Co4-WS]): The preparation of Ba[Co4-WS] was 

achieved by metathesis reaction following an established literature method.19

The FT-IR spectrum is identical to that obtained for K[Co4-WS] (see Fig. S9). The countercation content was 

determined by EDX analysis. EDX analysis (atomic %): Expected: W, 62.07; Co, 13.79; P, 6.90; Ba, 17.24; Found: 

W, 65.14, Co, 12.56; P, 4.50; Ba, 17.81. Mw = 6101.42 g mol─1.
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Fig. S9: FT-IR spectra of K10[CoII
2(H2O)2CoII

2(B-α-PW9O34)2] (K[Co4-WS], purple) and Ba5[CoII
2(H2O)2CoII

2(B-α-

PW9O34)2]·38H2O (Ba[Co4-WS], dark purple).
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5) Crystallographic Data

Crystals description:

The olive-green rod-shaped crystals (Na[Co2Fe2-WS]_rods) were solved and refined in the triclinic space group 

, whereby half of a cluster entity is located in the asymmetric unit. The following cell parameters were 𝑃1̅

determined: a = 12.2859(6) Å, b = 13.6630(6) Å, c = 14.9308(6) Å, α = 99.3780(10)º, β = 104.1870(10)º, γ = 

101.318(2)º, V ~ 2,323 Å3. In the solid state, the CoII heteroatom within the {B-α-CoIIW9O34} unit has a distorted 

tetrahedral geometry, characterised by CoII–O bond lengths varying between 1.886(8) – 1.911(8) Å, and O–CoII–O 

angles varying between 105.7(4) – 113.4(4)º. The CoII and FeIII atoms placed at the central oxo belt have a 

distorted octahedral geometry. The CoII–O bond lengths and O–CoII–O angles involving adjacent O-donor atoms, 

vary in the range of 2.005(8) – 2.160(8) Å and 82.7(3) – 96.4(3)º, respectively, whereas the corresponding FeIII–O 

bond lengths and O–FeIII–O angles deviate between 2.009(8) – 2.141(9) Å and 81.0(4) – 94.8(3)º, respectively.

Olive-green plate-shaped crystals (Na[Co2Fe2-WS]_plates) could also be identified in the reaction mixture. These 

crystals were of lower quality.  Initial diffraction studies substantiated that the plate-shaped crystals were severely 

twinned crystals. A structure refinement of multiple-twinned crystals was achieved in the orthorhombic crystal 

system in the space group Pccn. The measurement confirmed that the compound consists of an isostructural  

polyoxometalate cluster core to  Na[Co2Fe2-WS]_rods.  The H-atoms of the constitutional solvent molecules were 

not located and refined.

When a mixture of the two types of crystals, Na[Co2Fe2-WS]_rods and Na[Co2Fe2-WS]_plates, was dissolved in 

H2O and recrystallised upon addition of sodium acetate, phase-pure, block-shaped crystals were obtained after 

approximately 4 weeks. These olive-green, block-shaped crystals were suitable for single-crystal X-ray 

measurements. The data analysis confirmed that the structure corresponds to that of the title compound 

(Na[Co2Fe2-WS]_recrystallised), thus indicating that the integrity of molecular POM structure is maintained in 

solution. The data was solved and refined in the orthorhombic space group Pccn. Half of a cluster entity is located 

in the asymmetric unit which reflects the C2h symmetry of the molecule. The following cell parameters were 

determined: a = 21.063(2) Å, b = 26.187(2) Å, c = 17.8488(19) Å, α = β = γ = 90º, V ~ 9,845 Å3. In this crystal 

structure, the tetrahedral CoII heteroatom in the {B-α-CoIIW9O34} unit gives rise to CoII–O bond lengths varying 

between 1.865(14) – 1.884(13) Å, and O–CoII–O angles involving adjacent O-donor atoms, deviated between 

106.1(5) – 112.2(6)º. The octahedrally coordinated CoII and FeIII ions located in the central oxo belt have CoII–O 

bond lengths and O–CoII–O angles, varying between 2.028(12) – 2.139(13) Å and 82.4(5) – 99.5(6)º, respectively. 

The FeIII–O bond lengths and O–FeIII–O angles range between 2.002(14) – 2.137(13) Å and 80.4(5) – 95.2(5)º, 

respectively.

Whilst Na[Co2Fe2-WS]_rods and Na[Co2Fe2-WS]_recrystallised have almost identical  cluster cores, the 

arrangement/number of constitutional solvent water molecules and the arrangement of counterions differ, which 

is further reflected in different packing arrangements. The H-atoms of the constitutional solvent molecules were 

not located and refined.
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Table S1: Crystallographic data and structure refinement for Na[Co2Fe2-WS]_rods, Na[Co2Fe2-WS]_plates, 

Na[Co2Fe2-WS]_recrystallised and Na[Co3W-WS].

Name Na[Co2Fe2-WS]_rods Na[Co2Fe2-WS]_plates
Na[Co2Fe2-

WS]_recrystalised
Na[Co3W-WS]

CSD No. 2068500 2068501 2068065 2068502

Empirical formula Co4Fe2H75Na14O105.5W18  Co4Fe2H62Na14O101W18 Co4Fe2H92Na14O116W18 Co5 H82Na12O109W19

Formula weight (g/mol) 5741.93 5656.83 5927.06 5890.08

Temperature/K 100(2) 100(2) 100(2) 100(2)

Crystal system triclinic orthorhombic orthorhombic monoclinic

Space group P-1 Pccn Pccn P121/n1

a (Å) 12.2859(6) 20.9875(19) 21.063(2) 13.063(11)

b (Å) 13.6630(6)  26.045(2) 26.187(2) 17.764(15)

c (Å) 14.9308(6)  17.7454(16) 17.8488(19) 21.118(18)

α (deg) 99.3780(10) 90 90 90

β (deg) 104.1870(10) 90 90 93.152(9)

γ (deg) 101.318(2) 90 90 90

Volume (Å3) 2323.17(18) 9700.1(15) 9845.2(16) 4893(7)

Z 1 4 4 2

ρcalc (g/cm3) 4.087 3.831 3.968 3.942
Absorption coefficient 

(mm–1)
23.369 22.380 22.063 23.232

F(000) 2541 9816 10576 5090

crystal size (mm3) 0.276 × 0.097 × 0.048 0.252 × 0.199 × 0.114 0.180 × 0.160 × 0.130 0.200 × 0.070 × 0.050

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073)

2Θ range for data 
collection (deg)

3.118 to 66.402 2.492 to 50.700 2.482 to 52.742 2.998 to 59.248

Index ranges
-9 ≤ h ≤ 18, -21 ≤ k ≤ 21, 

-22 ≤ l ≤ 22
-25 ≤ h ≤ 24, -31 ≤ k ≤ 

31, -21 ≤ l ≤ 17
-26 ≤ h ≤26, -32 ≤ k ≤ 

32, -22 ≤ l ≤ 22
-18 ≤ h ≤18, -21 ≤ k ≤ 

24, -29 ≤ l ≤ 28

no. of reflections collected 54956 93207 246675 46062

no. of independent 
reflections

17691 [Rint = 0.0627, 
Rsigma = 0.0736]

8884 [Rint = 0.1017, 
Rsigma = 0.0419]

10071 [Rint = 0.1106, 
Rsigma = 0.0353]

13682 [Rint = 0.1017, 
Rsigma = 0.1182]

Data/restraints/paramete
rs

17691/30/692 8884/917/636 10071/354/688 13682/102/676

Goodness-of-fit on F2 1.058 1.117 1.199 1.019

Final R indexesa [I>=2σ (I)]
R1 = 0.0570, wR2 = 

0.1250
R1 = 0. 1045, wR2 = 

0.3121
R1 = 0.0570, wR2 = 

0.1003

Final R indexes [all data]
R1 = 0.0950, wR2 = 

0.1462
R1 = 0.1333, wR2 = 

0.3337
R1 = 0.0819, wR2 = 

0.1216
R1 = 0.1152, wR2 = 

0.1167

Largest diff. peak/hole / e 
Å–3 5.598/-5.698 4.756/-2.695 4.554/-2.978 3.866/-3.246

a R1 = Σ||F0| - |Fc|| / Σ|F0|; wR2 = Σ[w(F0
2 - Fc

2)2] / Σ[w(F0
2)2]1/2
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Table S2: Bond Valence Sum (BVS) analysis of the cobalt and iron atoms in Na[Co2Fe2-WS]_rods and Na[Co2Fe2-

WS]_recrystallised. 

Compound Atom Bond Valence Sum

Co1 2.299

Co2 2.055Na[Co2Fe2-WS]_rods

Fe1 2.683

Co1 2.054

Co2 2.355Na[Co2Fe2-WS]_plates

Fe1 2.689

Co1 2.461

Co2 2.094Na[Co2Fe2-WS]_recrystalised

Fe1 2.737

Fig. S10: Ellipsoid representation of the refined crystal structures for Na[Co2Fe2-WS]_rods (left), Na[Co2Fe2-

WS]_plates (center) and Na[Co2Fe2-WS]_recrystallised (right). Colour code: Co (octahedral): pink; Co 

(tetrahedral): green; Fe: yellow; W: grey; O: red; H: white.
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6) Magnetic properties

Anisotropic Exchange Model and thermal dependence of χT:

The distorted octahedral CoII ion presents a 4T1 high-spin ground state that with a first-order spin-orbit coupling 

unfolds into six anisotropic Kramers doublets. Only the lowest doublet can be considered in the model as a highly 

anisotropic effective spin 1/2. For the case of tetrahedral CoII and octahedral FeIII ions, the ground state can be 

considered a spin only 3/2 and 5/3, respectively. Considering all these aspects and the exchange network scheme 

for Na[Co2Fe2-WS] when the two iron ions occupy the short diagonal of the rhombus, the effective exchange 

Hamiltonian can be written as:

�̂� =‒ 2𝐽12�̂�1�̂�2 ‒ 2 ∑
𝛼 = 𝑥,𝑦,𝑧

∑
𝑖 = 1,2

∑
𝑗 = 3,4

𝐽 𝛼
13�̂�𝛼

𝑖 �̂�𝛼
𝑗 ‒ 2 ∑

𝛼 = 𝑥,𝑦,𝑧
∑

𝑖 = 1,2
∑

𝑗 = 5,6

𝐽 𝛼
15�̂�𝛼

𝑖 �̂�𝛼
𝑗 ‒ 2 ∑

𝛼 = 𝑥,𝑦,𝑧

𝐽 𝛼
35(�̂�3�̂�5 + �̂�4�̂�6)

where J12 is the isotropic interaction between both FeIII centres, J13 and J15 are the anisotropic interactions 

between FeIII ions and tetrahedral and octahedral CoII ions, respectively, and J35 are the anisotropic interaction 

between both types of cobalt atoms. 

The Zeeman interaction terms have been considered in the effective Hamiltonian: Isotropic for the irons and 

tetrahedral the cobalts with a Landé factors, g, equal to 2, and anisotropic for the octahedral cobalt with an 

average value of g equal to 4.33 for the effective spin 1/2. This anisotropy of g marks the exchange anisotropy, in 

such a way that the exchange parameters between two centers are proportional to the product of the individual 

g of each center. Therefore, with only the anisotropy parameter for the Landé factor of the octahedral cobalt, the 

anisotropy in the different exchange parameters can be defined. For the same anisotropy in g, the exchange 

between octahedral cobalt ions will be much greater than the other anisotropic exchange interactions (Fe – CoOh 

or CoOh – CoTd).

To find regions of the parameters that could reproduce the experimental properties, the entire parameter space 

has been explored. The exchange interaction between the iron centres has been set at -2.75 cm-1, which is the 

value obtained for other similar polyanions,20 and the exchange interaction between cobalt ions of different 

coordination index has been set to -10 cm-1, similar value to that obtained by INS.21–23  Figure S11 shows the 

fundamental spin as a function of the two exchange parameters between the iron ions and the two types of cobalt 

ions (J13 tetrahedral and J15 octahedral). The contour plot figure shows the fundamental spin when the exchange 

interactions become isotropic. This limiting case helps to understand which parameter regions may be compatible 

with the experimental data. In fact, the regions that give temperature susceptibility product curves correspond in 

this contour plot to regions where S=1 is the fundamental close to S=3 at the bottom right or top left. Susceptibility 

curves for one case from each of these regions are also shown. The different lines correspond to different values 

of anisotropy of g of the octahedral cobalt ion (from Ising case to isotropic). We see in the first two figures that 

they are quite compatible with the experimental measurements. However, in the third case presented, which 

corresponds to a region where S=1 is very stable, the susceptibility curves no longer reproduce the experimental 

values. Regions with high fundamental spin present in the χT curve maximums at low temperature and therefore 
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also incompatible with the experimental results. We can conclude that there are two broad regions of parameters 

where the magnetic properties can be compatible with the experimental ones.

A similar study has been carried out for the case of the two cobalt ions placed at the two inner octahedral, 

coordinatively saturated positions of the rhombus, but no regions have been found where we can ensure that 

they 

reproduce the experimental magnetic properties.
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Fig. S11: (Top) Distribution of the fundamental spin as a function of the two exchange interactions between iron 

and each type of cobalt (J13 for tetrahedral and J15 for octahedral) for Na[Co2Fe2-WS] with iron ions placed at the 

short diagonal of central rhombus. (Down) Thermal dependence of the product χT for different axial anisotropy 

in region with: (left) the FeIII-CoII
Oh interaction being more negative than -10 cm–1 and the FeIII-CoII

Td interaction 

being around -1.2 cm–1; (center) the FeIII-CoII
Oh interaction being around -3.2 cm–1 and the FeIII-CoII

Td interaction 

being more negative than -6 cm–1; (right) and the central part of the contour plot with both parameters of similar 

magnitude.
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7) Electrochemistry and Post-catalytic Characterisation

Fig. S12: OER onset overpotential determination using variable quantities of Ba[Co2Fe2-WS] in the carbon blend 

(KPi buffer at pH = 7.2). The determined values are: 577 mV for 10 wt.%, 543 mV for 20 wt.%, 528 mV for 30 wt.% 

and 502 mV for 40 wt.%.
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Fig. S13: Optical image of a Ba[Co2Fe2-WS]/CP electrode during bulk water electrolysis showing the evolved O2 

bubbles that are attached to the surface of the electrode.
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Fig. S14: Measurement of the O2 evolved during a chronopotentiometry at 1 mA/cm2 employing a 30 wt.% 

Ba[Co2Fe2-WS]/CP electrode. The experiment was conducted in a two-neck round bottom flask (50 mL) using a 

pH 7.2, 50 mM KPi buffer and KNO3 (1M) as electrolyte.
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Fig. S15: FT-IR spectra of Ba[Co2Fe2-WS] as prepared (red), and Ba[Co2Fe2-WS] recovered (dark cyan) from the 
carbon paste blend after 18 hours of bulk water electrolysis at 1 mA/cm2 in a KPi buffer at pH = 7.2.
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Fig. S16: Raman spectra of Ba[Co2Fe2-WS] as prepared (red), and Ba[Co2Fe2-WS] recovered (dark cyan) from the 

carbon paste blend after 18 hours of bulk water electrolysis at 1 mA/cm2 in a KPi buffer at pH = 7.2.
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Fig. S17: XPS data (Co, Fe, O and W edges) for Na[Co2Fe2-WS], and Ba[Co2Fe2-WS] as prepared and recovered 

from the carbon paste blend after 18 hours of bulk water electrolysis at 1 mA/cm2 in a KPi buffer at pH = 7.2. Due 

to the strong overlap between the Ba3d and Co2p edges, we compared the Co2s edges for Ba[Co2Fe2-WS]. There 

are no signals that can be assigned to CoOx formed under working conditions. The O1s signal of the recovered 

Ba[Co2Fe2-WS] sample appears above 530 eV, whereas CoOx species give rise O1s signals at 529.8 eV.
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Fig. S18: Comparative LSV data of 30 wt.-% POM/CP electrodes normalized per µmol of POM used in each carbon 

blend (KPi buffer at pH = 7.2). 

Fig. S19: Comparison of the OER onset overpotential of 30 wt.-% POM/CP electrodes. The calculated values are 

528 mV for Ba[Co2Fe2-WS] and 562 mV for Ba[Co4-WS].

Fig. S20: Double-layer capacitance (Cdl) measurements for 30 wt.-% POM/CP electrodes using a KPi buffer at pH = 

7.2. Cyclic voltammograms in the non-Faradaic region at different scan rates for (a) Ba[Co2Fe2-WS], (b) Ba[Co4-

WS], and (c) Ba[Co3W-WS]; (d) Δi (ia–ic) vs. scan rate plot, where the slope = 2xCdl. The measured current does 

not arise from a Faradaic process and observed response arises from the charging of the double-layer. The 

calculated Cdl values are 23.72 µF/cm2 for Ba[Co2Fe2-WS], 40.12 µF/cm2 for Ba[Co4-WS], and 45.14 µF/cm2 for 

Ba[Co3W-WS].
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Table S3: Elemental analysis (XPS) of freshly prepared samples of Na[Co2Fe2-WS], Ba[Co2Fe2-WS], and recovered 

Ba[Co2Fe2-WS] samples after bulk water electrolysis at 1 mA/cm2. The ratios are normalised to the W content for 

direct comparison. The data is compared to expected theoretical values.

Na Ba Co Fe W O

Sample Ratio
(Atomic %)

Ratio
(Atomic %)

Ratio
(Atomic %)

Ratio
(Atomic %)

Ratio
(Atomic %)

Ratio
(Atomic %)

Na[Co2Fe2-WS] 
theoretical

14
(12.96) – 4

(3.70)
2

(1.85)
18

(16.67)
70

(64.81)

Na[Co2Fe2-WS] fresh 16.6
(15.51) – 4.3

(4.05)
2.1

(2.00)
18.0

(47.48)
66.0

(6163)
Ba[Co2Fe2-WS] 

theoretical
0.6

(0.59)
6.7

(6.61)
4

(3.95)
2

(1.97)
18

(17.77)
70

(69.10)

Ba[Co2Fe2-WS] fresh* 0.3
(0.29)

9.6
(9.64)

1.2
(1.20)

1.5
(1.54)

18.0
(18.00)

69.4
(69.33)

Ba[Co2Fe2-WS] 
recovered*

0.0
(0.0)

10.2
(6.54)

3.1
(2.01)

2.6
(1.65)

18.0
(11.58)

121.6
(78.21)

*The deviation of metal content for the barium-containing samples before and after catalysis arises from the 

strong overlap of the Ba3d and Co2p XPS absorption bands, which precludes a detailed quantification of the 

elements.

Table S4: Elemental analysis (EDX) for freshly prepared Na[Co2Fe2-WS] and Ba[Co2Fe2-WS] samples and the 

recovered Ba[Co2Fe2-WS] sample after bulk water electrolysis at 1 mA/cm2.The ratios are normalised to the W 

content for direct comparison. The data is compared to expected theoretical values.

Na Ba Co Fe W

Sample Ratio
(Atomic %)

Ratio
(Atomic %)

Ratio
(Atomic %)

Ratio
(Atomic %)

Ratio
(Atomic %)

Na[Co2Fe2-WS] theoretical 14
(36.84) – 4

(10.53)
2

(5.26)
18

(47.37)

Na[Co2Fe2-WS] fresh 13.8
(36.41) – 4.1

(10.72)
2.0

(5.39)
18.0

(47.48)

Ba[Co2Fe2-WS] theoretical 0.6
(1.92)

6.7
(21.41)

4
(12.78)

2
(6.39)

18
(57.51)

Ba[Co2Fe2-WS] fresh 0.7
(2.16)

6.5
(20.76)

3.9
(12.54)

2.1
(6.79)

18.0
(57.75)

Ba[Co2Fe2-WS] recovered 0.0
(0.0)

6.6
(21.47)

3.9
(12.85)

2.1
(6.94)

18.0
(58.75)
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8) Computational Details and Results

All calculations presented in this study were carried in Gaussian-16 package.24 The B3LYP functional25–27 

was used together with the 6-31G(d,p) basis set for all hydrogens and oxygen bonded to the four central 

metal atoms while the 6-31G basis set was used for the rest of the oxygens.28–30 The LANL2DZ effective 

core potential (ECP) and associated basis sets were used for the W, Co and Fe atoms.31 All species were 

optimized in solution using the continuum model IEF-PCM with the Gaussian-16 defaults for water (ε = 

78.36 and UFF radii).32 The computational methodology was selected in basis of previous experience and 

with the aim of being able to compare results.7,10 The nature of all the stationary points was verified by 

computation of the vibrational frequencies. All energies reported correspond to free Gibbs energies in 

solution in eV; computed potentials of electrochemical steps are reported in V and referred to NHE. A 

collection data set of all computational data is accessible in the ioChem-BD repository.33

Fig. S21: Square diagram of the computed initial PCET, ET and PT events for the water oxidation reaction catalysed 

by the Co3W-WS system. Potentials are given in V vs. NHE at pH = 7.
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Fig. S22: Schematic representation of key structural moiety of the Co3W-WS, Co2Fe2-WS and Co4-WS systems. 

Distances are given in Angstroms. 
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