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ABSTRACT 

The inclusion of water oxidation active polyoxometalates (POMs) inside layered materials is a 

promising strategy to increase their catalytic efficiency while overcoming their fragility under 

homogeneous conditions. In this sense, intercalation of POMs in the interlaminar space of 

layered double hydroxides (LDHs), formed by positively charged brucite-type inorganic layers, is 

a very interesting strategy that is gaining attention in the field. Despite their huge potential, there 

is a lack of accurate characterization of the materials, especially after their use as water oxidation 

catalysts in pH conditions in which the POM counterpart has been demonstrated to be unstable 

(strong alkali media). For this reason and as a proof-of-concept, we have intercalated the well-

known [Co4(H2O)2(PW9O34)2]10- POM (Co4-POM) in the lamellar space of the Mg2Al-LDH layered 

double hydroxide, to study its catalytical capabilities and stability. Remarkably, the 

nanocomposites show improved water oxidation efficiencies with excellent stability in close-to-

neutral media compared to the water-insoluble cesium salt of Co4-POM or commercial Co3O4. 

However, thorough post-catalytic characterization of the nanocomposites demonstrates that the 

polyoxotungstate framework of the POM suffers from hydrolytic instability in strong alkali 

conditions, leading to the formation of a mixed-valence cobalt(II/III) oxide in the interlayer space 

of Mg2Al-LDH. This work highlights the importance of accurately assessing the fate of the 

catalytical POM after the catalytic reaction, especially when employing conditions outside the 

pH stability window of the POM, which can lead to erroneous conclusions and mistaken catalytic 

activities. 

Keywords: Electrocatalytic water oxidation, polyoxometalates, layered double hydroxides, 
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INTRODUCTION 

Climate change and global warming caused by the use of fossil fuels to produce energy urges us 

to rapidly change the energy production paradigm to environmentally friendly, efficient, and 

cost-effective alternatives.1,2 Hydrogen has the potential to contribute to this goal as the energy 

vector in a carbon-free energy system.3 The baseline technology for green hydrogen production 

is water electrolysis, which uses as inputs electricity powered from renewable resources and 

pure water to produce hydrogen and oxygen through the water splitting reaction.4 In this 

scheme, the water oxidation semi-reaction, also known as the Oxygen Evolution Reaction (OER), 

represents the bottleneck for the development of new technologies and energy storage 

concepts.5 This is due to its high thermodynamic requirements and sluggish kinetics, which 

typically require the use of scarce and geolocated elements that drastically limit the wide 

deployment of novel energy technologies.6 Therefore, there is an urgent need to develop and 

optimize new OER nanomaterials based on earth-abundant elements for achieving sustainable 

hydrogen production via electrolysis.7 

The OER capabilities of transition-metal-substituted polyoxometalates (POMs) have been 

studied during the last years since they offer high stability under strong oxidizing conditions and 

rich intrinsic redox chemistry.8 Particularly interesting are Cobalt-substituted POMs (Co-POMs), 

which are nowadays known to be genuine robust molecular OER electrocatalysts displaying 

excellent activities.9–11 Thanks to their high chemical amenability it was possible to study 

structure-reactivity relationships that contributed to pinpoint the contribution of each of the 

different moieties that compose their structures.12–18 Nevertheless, water electrolysis 

technologies require the immobilization of the molecular Co-POM into solid supports resulting 

in hybrid catalysts working in the solid-state, which in turn can increase the stability and OER 

efficiency of the molecular counterpart.19 Different strategies have been used in this area 

focused on the electrostatic interaction between the negatively charged Co-POM and positively 

charged 3-dimensional supports, for instance, mesoporous carbon nitride or zeolitic imidazolate 

frameworks.20,21 In this respect, layered materials such as layered double hydroxides (LDHs) can 

play a crucial role in the immobilization of Co-POMs since they provide positively charged 

surfaces in between the layers that can accommodate the Co-POMs to form self-assembled 

POM/LDH nanocomposites via established electrostatic and hydrogen bond interactions.22,23 The 

laminar nature of the LDH provides additional advantages for the Co-POMs heterogenization 

since they result in OER nanomaterials with high surface area and good mechanical strength and 

chemical stability, as well as an enhancement of charge separation by minimizing the path 

channels in which electrons have to migrate during the electrocatalytic reaction.24 Importantly, 

the confinement effect created at the LDH interlayer space prevents the leaching of the POM 

species into the reaction media, thus overcoming one of the biggest drawbacks of 

electrostatically supporting POMs on 3D and 2D surfaces.25  

Therefore, the synergistic effects that appear at the POM/LDH interface can boost the stability 

and catalytic activity of the hybrid nanomaterials compared to their constituents separately. This 

characteristic has made POM/LDH nanocomposites very attractive nanomaterials for diverse 

catalytic reactions. For instance, Song and co-workers reported the intercalation of a Zn-

substituted Dawson-type POM (ZnP2W17) into a Mg3Al-suberic LDH precursor leading to the 

formation of the ZnP2W17/Mg3Al hybrid, which showed superior catalytic efficiency and 

selectivity towards the sulfoxidation of various sulfides compared to that of the POM or LDH 

precursors separately.26 Miras and colleagues prepared a POM/LDH hybrid containing the Zn4-

Weakley sandwich POM and the Mg2Al-Tris LDH (Tris = Tris(hydroxymethyl)aminomethane). The 
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Zn4/Mg2Al nanocomposite demonstrated efficient bifunctional catalysis for cascade reactions 

involving the oxidation of benzyl alcohol to benzaldehyde promoted by the POM species in the 

presence of H2O2. The reaction then occurs through a Knoevenagel condensation step between 

the benzaldehyde and ethyl cyanoacetate at the basic sites of the LDH counterpart, which lead 

to the production of benzylidene ethyl cyanoacetate with excellent activity and selectivity.27 

Surprisingly, the use of POM/LDH nanocomposites as OER materials is far less explored, whereby 

only few examples can be found in literature. Wang a co-workers intercalated the OER inactive 

Keggin-type POM [PW12O40]3- into a Ni2Fe-LDH to boost its OER performance.28 This POM/LDH 

nanocomposite showed superior OER performance under strong basic conditions than the bare 

Ni2Fe-LDH. However, postcatalytic characterization of the compound is highly required in order 

to clearly address the role and fate of the Keggin POM during turnover conditions, since it is well 

known that the Keggin anion is only stable below pH 2, it forms lacunary species at pH values 

between 2 and 9, and it completely dissolves above pH 9.29 Yu and Liang intercalated different 

transition metal monosubstituted Keggin POMs into MgAl-Tris LDH.30 OER electrocatalytic tests 

showed that the hybrid bearing the Co-POM showed good electrocatalytic properties at neutral 

pH values, whereas post-catalytic characterization of the recovered materials suggests that the 

Co-POM maintained its structure during the water oxidation reaction with most of the initial 

Co(II) ions appearing in higher oxidation states, most likely as Co(III) ions. Interestingly, authors 

demonstrated that carrying out the experiments at pH 10 leads to deactivation of the hybrid 

nanomaterial due to the poor hydrolytic stability of this Co-POM at the mentioned pH. The Tris 

ligand though, bearing three primary alcohols, can be easily oxidized under the strong oxidative 

environment created during the OER measurements, which will mask the real current density 

assigned to OER.31,32 Therefore, quantification of the oxygen evolved in these experiments would 

be very interesting to clarify the Faradaic efficiency of the system. More recently, Ni and co-

workers reported the bifunctional electrocatalytic activity for OER and HER of a hybrid POM/LDH 

system composed by the phospho-molybdate Wells-Dawson type POM (P2Mo18) and the ZnFe-

LDH directly formed on a Nickel foam electrode.33 Again, the role and fate of the POM need to 

be carefully assessed in these structures since it is well known that P2Mo18 possesses a very low 

hydrolytic stability in solution regardless of the pH of the media.34,35 Hence, it would not be 

surprising that the POM structure is not maintained during the electrocatalytic tests performed 

in strong alkali media. This highlights the importance of selecting the proper working conditions 

that allow us to define the boundaries of action of the electroactive material and to study in 

detail the synergies that appear at the molecular/2D material interface. This knowledge will be 

pivotal for the rational design of novel hybrid nanomaterials with improved catalytic capabilities 

and durability. 

In this work, we report the preparation of Co4/Mg2Al nanocomposites through the intercalation 

of the OER active POM [Co4(H2O)2(PW9O34)2]10- (Co4-POM) in the lamellar space of a Mg2Al LDH 

(Mg2Al-LDH) (Scheme 1). Employing different reaction conditions allowed us to obtain the 

nanocomposites with increasing amounts of the intercalated POM. These Co4/Mg2Al 

nanocomposites were tested as OER materials in different working conditions, from neutral to 

strong alkali media. Our electrocatalytic results show that the OER activity does not scale with 

the quantity of Co4-POM present in the materials, hence permitting to optimize the OER 

efficiency of the system by employing just the required amount of POM. Different ex-situ and in-

situ characterization methods performed on the Co4/Mg2Al nanocomposites demonstrate the 

fate of the Co4-POM as part of the nanocomposites in the different reaction conditions. We 

clearly observe that the Co4-POM is not stable under strong basic conditions, where Co(II) ions 

are expelled from the POM framework leading to the Mg2Al-LDH with Co(II) ions present in the 
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lamellar space, which are partially oxidized to Co(III) under the OER applied potential. It is 

interesting to mention that in the later scenario, the W and P atoms conforming the POM are 

lost almost completely from the hybrids. On the other hand, the material is stable in neutral 

media, while a possible partial decomposition of Co4-POM occurs at pH 9 where Co4-POM and 

related species may coexist in the hybrids during OER conditions. 

RESULTS 

For this study we have selected the Mg2Al-LDH for the intercalation of Co4-POM for different 

reasons: (i) it is one of the most studied LDHs and its synthetic protocols as well as its properties 

are well studied; (ii) platelet-like microcrystals with well-defined hexagonal shape and with large, 

homogeneous sizes can be obtained using the urea hydrolysis method that will allow for a more 

facile characterization of the POM/LDH nanocomposites; and (iii) Mg2Al-LDH does not contain 

catalytically active metal sites and therefore, we can safely assume that the OER activity 

observed by the nanocomposites arises just from the POM counterpart. Therefore, we 

synthesized the Mg2Al-LDH following the urea hydrolysis method under hydrothermal 

conditions,36 which yielded hexagonal platelet-like microcrystals of ca. 2 μm in diameter (Figure 

S3). This synthetic method typically yields carbonate intercalated LDHs, as it was confirmed by 

FTIR spectroscopy (Figure S2), and due to the high affinity of LDHs to carbonate, which may 

preclude the proper intercalation of POMs, it had to be exchanged by chloride anions. This anion 

exchange was carried out by dispersing the Mg2Al-LDH in a 1 M NaCl aqueous solution containing 

HCl 3.3 mM.37 Note that this step was performed at least twice to ensure the proper removal of 

the carbonate from the lamellar space. Thereafter, a second anion exchange was performed to 

prepare three different Co4/Mg2Al nanocomposites by dispersing the LDH in water for 20 and 60 

minutes —samples Co4/Mg2Al_1 and Co4/Mg2Al_2, respectively—, or in formamide —sample 

Co4/Mg2Al_3— followed by the drop-wise addition of an aqueous solution of Co4-POM (see 

Supplementary Information for more details). 

Characterization of the Co4/Mg2Al nanocomposites confirms the successful intercalation of the 

POM in the lamellar space of the LDH. The PXRD pattern of pristine Mg2Al-LDH displays the main 

basal reflections expected for a hydrotalcite-like material, whereby the position of the (003) and 

(006) peaks depend on the size of the interlayer anion (Figure 1a). The (003) peak, which is 

attributed to interlayer reflections, appears at a 2 value of 11.54°. This corresponds to a basal 

space distance (dBS) of 7.67 Å; considering a layer thickness of 4.8 Å,38 the interlayer space 

distance is 2.87 Å. In the case of the Co4/Mg2Al nanocomposites the (003) peak is shifted to 

lower values leading to an increased basal space of 16.67 Å, which corresponds to a lamellar 

space distance of 11.87 Å. This value is in good agreement with the diameter of the short axis of 

this Weakley sandwich-type POM (with dimensions of 1.0-1.5 nm),39 and confirms that the Co4-

Scheme 1: Schematic representation of the anion exchange process for the obtention of the Co4/Mg2Al 
nanocomposites. 
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POM has been intercalated into the interlayer space of the Mg2Al-LDH with the C2h symmetrical 

axis parallel to the host layers. Moreover, this orientation favors the hydrogen-bonding 

interactions between the hydroxyl groups of the LDH layer and the terminal oxygen atoms on 

the POM structure. Comparing the PXRD patterns of the three different Co4/Mg2Al hybrids we 

can see that the (003) peak of the pristine Mg2Al-LDH is still present for the intercalations 

performed in water (Co4/Mg2Al_1 and Co4/Mg2Al_2), suggesting only a partial anion exchange 

in these samples. Moreover, this peak has slightly shifted to 11.45°, which corresponds to a 

gallery height of 7.74 Å and may indicate the presence of carbonate anions adsorbed during the 

anion exchange reaction. Therefore, these samples alternate layers intercalated with POM with 

layers intercalated with chloride and carbonate in the nanocomposite. On the contrary, PXRD of 

Co4/Mg2Al_3 only shows a small shoulder of the (003) peak of the pristine LDH at somewhat 

lower values (10.7 Å), indicating a higher ability of the formamide to exfoliate the LDH slabs 

resulting in a more successful anion exchange reaction.  

Figure S4 shows the FT-IR spectrum of pristine Co4-POM displaying peaks at 934, 877, 753 and 

697 cm-1, which can be assigned to the vibrations of W-Ot, W-Oc-W, and W-Oe-W (t, terminal; c, 

corner-sharing; e, edge-sharing), respectively. In the case of the Co4/Mg2Al nanocomposites, the 

W-Ot and W-Oc-W bands appear slightly red-shifted as the result of the electrostatic interaction 

and hydrogen bonds formed between the POM framework and the LDH layers. Interestingly, 

those bands associated with the P-O vibrations of the POM heteroatom at ca. 1032 cm-1 do not 

show any shift after the POM intercalation, thus indicating that the interaction of the POM with 

the LDH occurs purely through the W addenda atoms. The FT-IR spectrum of the pristine Mg2Al-

LDH shows absorption bands in the 350–800 cm-1 range assigned to O-M-O vibrations of the 

hydrotalcite-like layers of the LDH. These bands also appear shifted in the POM-LDH samples, 

again indicating an interaction between the POM and the LDH structure and overlap with the W-

Oe-W vibrations of the POM framework. Finally, the band appearing at ca. 1360 cm-1 in the 

Co4/Mg2Al nanocomposites indicates the presence of carbonate anions that may have been 

incorporated during the POM intercalation step. 

The elemental composition of the Co4/Mg2Al nanocomposites and that of the corresponding 

isolated components were analyzed by ICP-MS (Table S1). The expected Mg:Al ratio of 2:1 is 

maintained for all the samples, although Co4/Mg2Al_3 showed a slightly higher concentration of 

Al(III) ions. This may be caused by the loss of a minimal amount of Mg(II) ions from the LDH 

structure when dispersing it in formamide. Nevertheless, this did not affect the morphology of 

the resulting hybrids. On the other hand, we observed in some samples a slightly higher Co ions 

concentration than the expected values. We ascribe this to an intrinsic artefact of the 

measurement, since during the digestion process in acid a small portion of the dissolved W(VI) 

ions may precipitate to form WO3, thus leading to an increase of the Co:W, and P:W ratios. The 

ICP-MS results allowed us to calculate the amount of Co4-POM that has been intercalated in the 

Mg2Al-LDH employing three different methods. As expected, the quantity of Co4-POM present 

in each nanocomposite increases as Co4/Mg2Al_1 < Co4/Mg2Al_2 < Co4/Mg2Al_3, with 

calculated LDH:POM ratios of [Mg0.66Al0.34(OH)2]:[(Co4)0.07], [Mg0.67Al0.33(OH)2]:[(Co4)0.12], and 

[Mg0.64Al0.36(OH)2]:[(Co4)0.46], respectively. 

The morphology of the samples was examined with transmission electron microscopy (TEM) 

images. Figure 1b shows that the initial hexagonal shape of the pristine Mg2Al-LDH is retained 

after the POM intercalation. Note that we could also find partially broken hexagonal crystals 

produced during the sonication of the LDH to obtain the swollen phase. Additionally, electron 

diffraction patterns indicate that the high crystallinity of the LDH is partially lost in the hybrid 
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nanomaterials (Figure S3), as already 

observed in the PXRD patterns since 

restacking of the slabs from the swollen 

phase does not lead to perfectly aligned 

layers, showing a pronounced 

turbostratic disorder. In addition, EDX 

mapping of the Co4/Mg2Al_3 sample 

confirms the presence of all the expected 

elements and indicates that the Co4-POM 

is well dispersed across the lamellar 

space of the LDH, Figure 1b. 

The successful intercalation was also 

confirmed by adsorption/desorption 

isotherm measurements (carbon dioxide; 

273 K), where the hybrid nanomaterials 

show an increased specific surface area 

with respect to the LDH alone (Figure S5). 

The presence of POMs evidences a better 

separation between layers, promoting 

CO2 adsorption in the layered material. 

Moreover, one can clearly see that the 

hybrids obtained with the formamide 

method resulted in substantially higher 

enhancement of the specific surface area 

compared with that obtained with the 

water method. Although POM content 

can be calculated, analyzing its 

distribution along the layers can be a 

milestone to understand its application 

potential: a high %POM can derive in 

steric impediments, hindering the 

accessibility to the nanomaterial. 

The thermal stability of the samples was 

unveiled by thermogravimetric 

differential thermal analysis (TG-DTA) in 

the 25–700 °C range. Figure S6 shows the 

TG-DTA of Mg2Al-LDH in air in which the 

first weight loss that can be ascribed to 

the loss of water molecules. This occurs in 

two steps that are assigned to the loss of 

surface water molecules at 50–100 °C and the loss of interlayer water molecules at 100–150 °C. 

The material is stable up to 300 °C where it is then dehydroxylated at 300–395 °C and losses the 

chloride anions at 395–480 °C. Thereafter, the LDH collapses into an amorphous mixed oxide. 

Figure 1: (a) Powder X-ray diffraction patterns of the hybrid 
Co4/Mg2Al nanocomposites compared to that of the Mg2Al-
LDH; (b) TEM and EDX analysis of the hybrid Co4/Mg2Al_3 
nanocomposite. 
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TG-DTA of the POM-LDH samples prepared in water is somehow similar to that of Mg2Al-LDH, 

although we can find some meaningful differences. The release of surface and interlayer water 

molecules is slightly slower and occurs up to 250 °C. The dehydroxylation of Co4/Mg2Al_1 and 

the Co4/Mg2Al_2 occurs in the 300–385 °C range. Finally, the fourth weight loss associated with 

the loss of chlorine anions is smaller than in the pristine Mg2Al-LDH since most of them have 

been replaced by Co4-POM. It is interesting to mention that Co4/Mg2Al_2 has a higher total 

weight loss than Co4/Mg2Al_1. Looking closely at the TG analysis, we can observe that the main 

difference in the weight loss compared to Co4/Mg2Al_1 arises from the fourth step. This is 

contrary to expected given that Co4/Mg2Al_2 has a higher amount of POM molecules. However, 

the elemental analysis indicates that this sample also has a higher amount of chlorine anions 

that will account for a higher mass loss before the structure collapses. Following our analysis, we 

can see that for Co4/Mg2Al_3 the loss of surface and interlamellar water molecules behaves 

similarly to the hybrids prepared in water. However, an extra weight loss step can be observed 

between 205–245 °C. The latter can be assigned to the degradation of formamide molecules 

present in the interlayer space that are trapped during the anion exchange reaction. In addition, 

the dehydroxylation seems to occur in two different stages, the first one occurring in the 290–

335 °C range, which has been previously assigned to the Al-OH dehydroxylation, followed by a 

second step between 335–390 °C attributed to the simultaneous Mg-OH dehydroxylation and 

decarbonation.40  

Figure 2 shows the comparison of the XPS data of the freshly-made materials. Note that only the 

data corresponding to Co4/Mg2Al_3 is shown. The same Co2p, W4f, and P2P bands can be seen 

in the hybrid, further supporting that the Co4-POM has been successfully incorporated into the 

lamellar space of the Mg2Al-LDH. Interestingly, the appearance of a new band in the Al edge of 

the Co4/Mg2Al_3 nanocomposite suggests that the presence of the Co4-POM may modify the 

electronic structure of Al in the LDH. In fact, this behavior is not surprising since one would 

expect a stronger interaction of the Co4-POM with the trivalent Al ions in the LDH since these 

Figure 2: XPS data of the as-synthesized Mg2Al-LDH, Co4-POM, and Co4/Mg2Al_3 samples. 
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are the metals that carry the positive charge in the LDH layer. In addition, we observe in the O1s 

edge of the Co4/Mg2Al_3 nanocomposite the increase in the intensity of terminal M-O species 

compared to that of Mg2Al-LDH, which can be assigned to the terminal W=O moieties of the 

Co4-POM. 

Electrocatalytic OER evaluation of the Co4/Mg2Al nanocomposites: 

The electrocatalytic OER activity of the Co4/Mg2Al nanocomposites was evaluated with the aim 

of first, studying the effect of the Co4-POM in the LDH compared with the water-insoluble CsCo4-

POM salt and Co3O4; second, determining the optimal amount the Co4-POM to maximize the 

OER activity of the composite among the tested samples; third, to assess the influence of the 

working media and the nature of the catalytic species in the POM-based hybrid since hydrolysis 

of Co4-POM may lead to Co(II)aq leached in a solution that forms self-assembled CoOx species 

under working conditions acting as heterogeneous electrode-bound OER active species.41,42 

Hence, we have performed the OER experiments using three different electrolytes: (i) sodium 

phosphate (NaPi) at pH 6.9; (ii) sodium borate (NaBi) at pH 9; and (iii) potassium hydroxide at pH 

14.2. 

In this regard, linear sweep voltammetry was used to evaluate the OER electrocatalytic activity 

of the nanocomposites. Figure S7a shows the results obtained using the NaPi buffer at pH 6.9. 

As expected, the Mg2Al-LDH (catalyst-free, blank) does not display any OER activity. On the 

contrary, the Co4/Mg2Al nanocomposites exhibit an important OER activity, which increase with 

the amount of Co4-POM intercalated, whereby only Co4/Mg2Al_3 shows an improved OER 

activity compared to that of CsCo4-POM. The reason for this small improvement resides in the 

total amount of Co4-POM present in each electrode. Therefore, considering that all the samples 

share the same OER catalytic species, this result is not surprising since there is a larger quantity 

of POM per gram of sample in CsCo4-POM than in Co4/Mg2Al_3. In order to allow for a fair 

comparison that permits us to study the intrinsic activity of each sample, we have normalized 

the obtained current densities per nmol of Co present in each electrode, although only two of 

the four Co atoms in the POM structure can act as active sites. Figure 3a demonstrates the 

superior OER performance of the Co4/Mg2Al nanocomposites, outperforming that of CsCo4-

POM. Therefore, we can unequivocally say that the efficiency of Co4-POM has been substantially 

improved in our nanocomposites. Interestingly, we can also observe that the hybrid with the 

highest Co4-POM loading does not yield the highest OER activity. This feature suggests that high 

POM loadings in the lamellar space of the LDH may preclude part of the active sites from being 

reached by water molecules resulting in a decrease of the efficiency. In our case, the 

Co4/Mg2Al_2 sample leads to the highest OER efficiency. Furthermore, we have also compared 

the OER activity of the hybrids with that of Co3O4 under the same experimental conditions and 

considering the number of nmols of Co employed. The results clearly demonstrate that Co3O4 

cannot attain the OER activity displayed by our Co4/Mg2Al nanocomposites. 

The calculated overpotentials displayed by the Co4/Mg2Al nanocomposites decrease when 

increasing the Co4-POM loadings into the LDH, reaching a minimum value of 548 mV in 

Co4/Mg2Al_3, which is 19 mV lower than that for CsCo4-POM (See Table S2 and Figure S8). 

Additionally, analysis of the Tafel behavior displayed by the materials shows rather high Tafel 

slopes in all cases with values between 194 and 316 mV/dec (Figure 3d, Figure S7a and Table S2). 

The Tafel slope depends solely on the rate-determining step of the catalytic reaction 

independently of the quantity of active sites present in the material.43 Hence, these high Tafel 

slopes indicate that the catalytic OER is limited by a diffusion process and electron transfer.31 It 

is further striking that CsCo4-POM typically displays a much lower Tafel slope in the range of 70–
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80 mV/dec as part of a modified carbon paste electrode.18,44 This value contrasts with the Tafel 

slope of 275 mV/dec obtained for CsCo4-POM in the present case. Hence, this result suggests 

that the observed high Tafel slope is originated, at least in part, by the use of a Nafion ink. 

Following our study, we then performed the OER analysis using a NaBi buffer at pH 9. Under 

these working conditions, Co4/Mg2Al_3, Co4/Mg2Al_2, and CsCo4-POM display similar OER 

activities and superior to that shown by Co4/Mg2Al_1 (Figure S7b). Moreover, Co4/Mg2Al_3 and 

Co4/Mg2Al_2 show an overpotential of 452 mV, whereas the overpotential for CsCo4-POM is 464 

mV (Table S2 and Figure S8). The calculated Tafel slopes are close to 90 mV/dec, which are much 

closer to the expected values previously reported for Co4-POM and indicate a rate-determining 

step limited by a competition between a chemical and an electron-transfer steps (Figure 3d, 

Figure S7b and Table S2). As previously observed, a comparison of the OER activity taking into 

account the nmols of Co employed in each electrode show the superior OER performance of the 

Co4/Mg2Al nanocomposites compared to that of CsCo4-POM, with the Co4/Mg2Al_2 hybrid 

showing again the best OER activity (Figure 3b). Additionally, comparison with the OER activity 

displayed by Co3O4 highlights the superior OER efficiency of our hybrid nanomaterials. 

Figure 3: Electrocatalytic OER performance of the hybrid Co4/Mg2Al nanocomposites compared to that of CsCo4-POM 
and of commercial Co3O4 considering the nmols of Co employed in each experiment performed in a) Sodium 
phosphate (0.1M) buffer with NaNO3 (1M) at pH 6.9; b) Sodium borate (0.1M) buffer with NaNO3 (1M) at pH 9; c) 
Potassium hydroxide (1M) at pH 14.2. (d) Calculated Tafel slopes of all the Co4-POM-containing samples.  
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Finally, we analyzed the OER activity of the Co4/Mg2Al systems under strong alkali conditions 

using KOH at pH 14.2. It was previously reported that Co4-POM in solution undergoes hydrolytic 

decomposition above pH 10 leading to the formation of the corresponding oxide species.39 

Nevertheless, Co-POMs can be stabilized by the proper selection of the environment in which 

they are dispersed to perform the electrocatalytic tests, for instance with the use of carbon 

paste.11,45 Therefore, given the superior OER efficiency displayed by the nanocomposites 

compared to CsCo4-POM and Co3O4, it seems reasonable to test our materials under basic 

conditions and analyze whether the Mg2Al-LDH component is able to protect the Co4-POM from 

hydrolytic decomposition. 

Figure S7c shows a clear change in the OER behavior of the nanocomposites under basic 

conditions compared to the above-described results since none of them could perform a better 

catalytic activity than CsCo4-POM. In fact, Co4/Mg2Al_3, Co4/Mg2Al_2 display an overpotential 

of 370 mV, which is substantially higher than the value of 322 mV shown by CsCo4-POM (Table 

S2 and Figure S8). Moreover, we can observe a change in the rate-determining step of the 

catalytic reaction limited by a chemical step, most likely the O-O bond formation. This is 

exemplified by the change in the Tafel slope with values between 51 and 56 mV/dec (Figure 3d, 

Figure S7c and Table S2). Additionally, the comparison of the results when considering the nmols 

of Co employed in each experiment also shows differences in the trends previously observed. In 

this case, CsCo4-POM shows a better initial OER activity than the nanocomposites. However, 

when the applied overpotential reaches approximately 450 mV, Co4/Mg2Al_1 and Co4/Mg2Al_2 

display better performances (Figure 3c). The origin of this change in the OER activity may be 

originated by a change in the reaction kinetics displayed by the materials that depend on the 

applied potential, i.e. a change in the Tafel behavior . This causes a decrease of the OER kinetics 

of CsCo4-POM at high overpotentials that is more pronounced than that observed in the hybrids. 

Finally, even though the nanocomposites do not improve the OER activity of CsCo4-POM, we can 

see that Co3O4 OER activity is much lower than those of Co4-POM containing samples.  

It is important to note that under these strong alkali conditions, we could observe the 

appearance of a redox event during the preconditioning CV cycles of the Co4/Mg2Al 

nanocomposites centered at 0.29 V (Figure S9). This redox event can be attributed to the 

Co(II)/Co(III) redox pair due to the Co leaching from the Co4-POM framework, which would 

indicate that the Mg2Al-LDH does not possess the ability to stabilize the Co4-POM. This feature, 

together with the change in the OER activity trend observed made us ponder whether the Co4-

POM is the true active species or, on the contrary, hydrolytic decomposition of the POM under 

strong alkali media leads to the formation of the corresponding OER catalytically active CoOx 

species during electrocatalytic working conditions. 

Stability of the Co4/Mg2Al nanocomposites: 

To unravel the pH-dependent stability of the nanocomposites we have performed a battery of 

ex-situ and in-situ tests employing the Co4/Mg2Al_3 hybrid since it contains the highest amount 

of Co4-POM, thus it will aid in the evaluation of the fate of the catalyst. 

We first analyzed the stability of Co4/Mg2Al_3 by simply immersing the material in the three 

buffer solutions under stirring for 72 hours. Thereafter, the hybrid was recovered, washed, and 

dried in air. Powder X-ray diffraction patterns of the recovered Co4/Mg2Al_3 show that the 
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structure of Co4/Mg2Al_3 is maintained 

at pH 6.9 and 9 (Figure 4a). However, an 

obvious change occurred at pH 14.2, in 

which the structure of the original 

Mg2Al-LDH was recovered with no 

accountable sign of Co4-POM present in 

the lamellar space of the LDH. 

Additionally, the FT-IR spectra seem to 

confirm this behavior since we could still 

observe the corresponding bands of 

Co4-POM at pH 6.9 and 9, whereas they 

are not present at pH 14.2 (Figure 4b). 

Interestingly, we could observe an extra 

broad band around 1080 cm-1 in the 

recovered Co4/Mg2Al_3 sample at pH 

6.9 that is assigned to the intercalation 

of phosphates in the LDH that have been 

adsorbed from the NaPi buffer. In fact, 

this behavior is not surprising given the 

good phosphate adsorption properties 

of LDHs.46 The morphology and 

composition of these samples were 

analyzed by TEM and EDX analysis 

(Figure 5 a-c). TEM images show that the 

platelet-like hexagonal crystallites are 

partially broken and assembled into 

bigger aggregates, whereas EDX 

mapping indicates that the Co4-POM is 

retained in the nanocomposites at 6.9 

and 9. However, at pH 14.2 the Co4-POM 

is clearly unstable as confirmed by the 

enormous decrease of W and P content 

from the hybrids. In other words, at pH 

6.9 and 9 the W:Co:P ratios are maintained with respect to the freshly made Co4-POM, whereas 

the concentration of Co is one order of magnitude higher than that of W and P when the sample 

was immersed in KOH at pH 14.2 (see Table 1), clearly indicating the hydrolytic decomposition of 

Co4-POM. This hydrolytic decomposition is further supported by XPS data. High-resolution XPS 

of the component elements clearly shows the substantial loss of W and P atoms from the hybrid, 

but the Co atoms seem to remain in the lamellar space of Mg2Al-LDH appearing as Co(II) ions. In 

addition to this, the O1s XPS spectrum shows a decrease in the deconvoluted peak at 530.69 eV 

assigned to M-O terminal oxygens of the Co4-POM framework. 

Figure 4: Powder X-ray diffraction patterns (a) and FT-IR spectra 
(b) of the Co4/Mg2Al_3 nanocomposite collected after being 
dispersed in the different buffer solutions for 72 hours. 
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Figure 5: TEM images and EDX mapping (a-c) and XPS data (d) of the hybrid Co4/Mg2Al_3 nanocomposite collected 
after being dispersed in the different buffer solutions for 72 hours. 
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Table 1: Molar ratio extracted from the elemental analysis (EDX) performed on the recovered 
Co4/Mg2Al_3 samples after being in suspension in the buffers for 72 hours. 

*The high quantity of phosphorous found in this sample arises from the adsorption of phosphates from the NaPi buffer 

solution by the LDH counterpart. 

The ex-situ characterization already provides strong evidence that Co4-POM may be stable at 

close-to-neutral pH values but suffers from hydrolytic decomposition in strong basic conditions. 

The remaining question is whether they suffer the same fate under OER working conditions. For 

this reason, we conducted long-term stability tests by performing chronoamperometry 

measurements at the three different pH values studied above. For these experiments, we 

employed fluorine-doped tin oxide (FTO) working electrodes to foster a more facile post-catalytic 

characterization of the Co4/Mg2Al_3 nanocomposite directly on the surface of the electrode, 

since the recovery of the catalyst from the Nafion ink is a challenging task and may result in the 

transformation or complete loss of the OER active material during the process. Unfortunately, 

these measurements did not deliver stable current densities, since the constant evolution of 

oxygen gas bubbles would damage the deposited ink resulting in the partial detachment and loss 

of the material from the surface of the electrode. Nevertheless, we could still perform in-situ 

XPS measurements of the material that remained attached on the surface of the FTOs electrodes 

after the 24 hours of chronoamperometry measurements (Figure 6). In this case, we observe a 

decrease of the typical satellite peaks of Co(II), which indicate a partial Co oxidation leading to a 

mixture of Co(II)/(III), especially at pH 9 and 14.2. Again, the loss of W and P atoms at pH 14.2 

also occurs under working conditions and, to our surprise, we can also see the partial loss of P 

atoms at pH 9, as suggested by the decrease in the relative intensities of such elements with 

respect to the rest of the elements present in the same measured sample. This may indicate a 

partial hydrolytic decomposition of Co4-POM at pH 9, whereby different Co4-POM related 

species may be present in the lamellar space of the Mg2Al-LDH. This feature can also be seen in 

the O1s XPS spectra in which the deconvoluted peak assigned to the terminal oxygens of the 

POM framework (W=O) has shifted at pH 9 to lower binding energies with respect to the 

experiment performed at pH 6.9, whereas it is completely absent at pH 14.2. In addition, we 

identified further differences with respect to the ex-situ XPS measurements regarding the 

stability of Mg2Al-LDH. Therefore, under OER working conditions at pH 14.2, the high resolution 

Al2p XPS edge shows a decrease in the overall quantity of Al atoms present in the 

nanocomposite, whereas the O1s XPS can only be deconvoluted in one broad peak centered at 

532.54 eV that can be assigned to Al(OH)x species formed from the Al(III) ions leached from the 

LDH structure.47 This indicates that even being synthesized in basic media, the stability of the 

LDH under harsh oxidizing conditions may not be sufficient in the long term. 

Molar ratio Expected 
Co4/Mg2Al_3 
NaPi pH 6.9 

Co4/Mg2Al_3 
NaBi pH 9 

Co4/Mg2Al_3 
NaOH pH 14.2 

Mg:Al 2:1 2.00:1.34 2.00:1.10 2.00:0.93 

W:Co:P 18:4:2 18.00:4.19:9.95* 18.00:4.57:1.96 18.00:167.14:11.57 
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CONCLUSIONS 

In this work, we have employed three different methods for the intercalation of Co4-POM in the 

lamellar space of the Mg2Al-LDH, which resulted in the fabrication of three Co4/Mg2Al 

nanocomposites with different amounts of Co4-POM. Characterization of the hybrids confirmed 

the successful intercalation of the POM and allowed us to quantify the amount of Co4-POM 

present in each sample. Thereafter, we studied the electrocatalytic OER activity of the Co4/Mg2Al 

nanocomposites employing different buffer solutions, from neutral pH to alkali media. We 

observe that the Co4/Mg2Al_2 sample performs an overall better OER activity than the other 

samples tested when considering the number of mols of Co4-POM present in each hybrid. 

Interestingly, Co4/Mg2Al_2 does not contain the highest amount of Co4-POM among the three 

studied samples, which indicates that higher loadings of the POM do not benefit the OER activity, 

possibly due to the decrease of channels in the lamellar space of the LDH from which water has 

to penetrate to reach the POM. Additionally, comparison with the parent, water-insoluble 

cesium salt of the POM (CsCo4-POM), and with Co3O4 demonstrates the superior OER efficiency 

of the Co4/Mg2Al nanocomposites per mol of Co atom. This improvement has been attributed 

to better dispersion of the POM over the surface of a 2D material such as the LDH, hence thus 

increasing the number of active sites (i.e. Co-OH2 sites) readily accessible for the water 

molecules. It is also interesting to mention that using formamide to obtain the swollen phase of 

the LDH delivers the Co4/Mg2Al_3 nanocomposite with the highest amount of intercalated Co4-

POM; still, this sample does not show the highest OER efficiency. As mentioned before, the 

Co4/Mg2Al_2 nanocomposite, for which water was employed to obtain the swollen phase of the 

LDH, shows the highest OER efficiency amongst the samples tested in this work. Therefore, we 

provide with an environmentally friendly method for the fabrication and optimization of 

POM/LDH nanocomposites with high catalytic efficiencies without the use of organic solvents 

Figure 6: Post-catalytic XPS data of the recovered Nafion inks containing the hybrid Co4/Mg2Al_3 nanocomposite after 
24 hours of chronoamperometric measurements. Note that the Valence region of the Nafion polymer shows a strong 
overlap with the W4f edge (see Figure S10). These fitted bands are shown in yellow in the W4f data plot. 
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and easily oxidizable organic ligands, such as the Tris ligand. Interestingly, this method can be 

extrapolated to a variety of catalytic reactions beyond the energy production area. 

In the quest to study the fate of the Co4-POM OER catalyst under working environment that can 

aid in the understanding of the present POM/LDH nanocomposite, and other systems reported 

by other groups, we have performed a battery of ex-situ and in-situ characterization techniques. 

Our results indicate that Co4-POM is stable in neutral media, but the POM structure is completely 

lost in strong alkali media. In the later, the W and P ions that compose the POM framework are 

almost completely expelled from the lamellar space of the LDH leading to Co(II) ions intercalated 

in the LDH. Interestingly, these Co ions can be partially oxidized under an applied potential and 

possibly form a layered mixed-valence Co oxide. This is an intriguing behavior that could open a 

new avenue for the fabrication of van der Waals heterostructures formed by alternating layers 

of different metal oxides and with interest to the wider research community. The instability 

issues shown by the intercalated Co4-POM in strong alkali media are in fact not surprising since 

it was already demonstrated that this POM suffers from hydrolytic stability at pH values higher 

than 10. Moreover, we could also identify a decrease of the Al content in the LDH in strong basic 

conditions that can compromise the stability of the hybrids. Finally, the scenario at pH 9 does 

not seem to be trivial and further synchrotron-based characterization techniques are envisioned 

to accurately assess the observed behavior. In this case, ex-situ characterization agrees well with 

the intercalated Co4-POM being stable; however, in-situ XPS data suggests a partial 

decomposition of the POM, whereby Co4-POM and related species may coexist in the lamellar 

space of the LDH. 

Our results demonstrate that the Keggin framework of the Co4-POM intercalated in the lamellar 

space of an LDH suffers from hydrolytic stability issues when the pH value of the solution 

surpasses the pH window of stability of the POM in aqueous solution. This behavior can be 

extended to other polyoxotungstates and polyoxomolybdates that have been employed for the 

fabrication of similar hybrid systems towards water splitting. Therefore, we would like to 

emphasize that a careful study of the stability of the materials under working conditions is of 

utmost importance to accurately assess the OER activity, to identify the fate of the catalysts and, 

if so, to identify the true OER active species. 
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1) Instrumentation and Methodology: 

Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR): Spectra were collected using an 

Agilent Cary 630 FTIR spectrometer in the 4000–350 cm-1 range. 

Inductively Coupled-Plasma Mass Spectrometry (ICP-MS): The ICP-MS analyses were performed at 

the University of Valencia (Sección de Espectrometría Atómica y Molecular). The samples were 

digested in acid medium at 220°C using a microwave oven. 

Transmission Electron Microscopy and Electron Diffraction X-ray Scattering (TEM and EDX): TEM 

images and EDX mapping were performed in a HRTEM TECNAI 200 kV microscope operating at 200 kV. 

The samples were prepared by dropping sample suspension in EtOH on lacey formvar/carbon copper 

grids (330 mesh). 

Powder X-Ray Diffraction (PXRD): PXRD patterns were collected using a capillary with a PANalytical 

X’Pert diffractometer at room temperature using the copper radiation (Cu-Kα = 1.54178 Å) in the 2-70 

degrees region. 

Textural characterization: Adsorption/desorption volumetric isotherms were carried out in a 

Tristar II Plus Micromeritics sorptometer, for CO2 (at 273 K, 1 bar). Sample activation was 

performed at 373 K, under vacuum overnight. 

Thermogravimetric Differential Thermal Analysis (TG-DTA): TG-DTA data was acquired in air using a 

Mettler Toledo TGA/SDTA 851e model in the 25–700°C temperature range with a temperature ramp 

of 10°C/min. 

Thermogravimetric Analysis (TGA): TGA of KCo4-POM was carried out under N2 atmosphere 

employing a TA instruments TGA 550 in the 25–700°C temperature range with a temperature ramp of 

5°C/min. 

X-ray Photoelectron Spectroscopy (XPS): XPS measurements were performed in an ultrahigh vacuum 

system ESCALAB210 (base pressure 1.0 × 10–10 mbar) from Thermo VG Scientific. Photoelectrons were 

excited by using the Mg Kα line (1253.6 eV). All spectra were referred to the Fermi level. 

2) Materials and Synthetic Details: 

All chemical reagents were used as purchased without further purification. Sodium tungstate 

dihydrate, sodium phosphate dibasic, sodium phosphate monobasic monohydrate, boric acid, 

potassium acetate, sodium chloride, sodium nitrate, cesium chloride, magnesium chloride 

hexahydrate, urea, hydrochloric acid, and Nafion™ 117 solution (~5%) were purchased from Sigma-

Aldrich. Cobalt acetate tetrahydrate and carbon black, acetylene 50% compressed were purchased 

from Alfa Aesar. Aluminum chloride hexahydrate, glacial acetic acid, and potassium hydroxide 

(99.99%) were purchased from Thermo Scientific Chemicals. Ethanol absolute and isopropanol were 

purchased from Scharlab. Milli-Q water was obtained from a Millipore Milli-Q equipment. 

Synthesis of K10[Co4(H2O)2(B-α-PW9O34)2]·44.2H2O (Co4-POM): This well-known polyoxometalate was 

prepared applying an optimized literature method.1 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. Then, a solution containing Co(CH3COO)2·4H2O (5.48 g, 22 mmol) dissolved in 50 

mL of H2O was added to this mixture. The resulting dark-purple solution was refluxed for 2 hours. 

Thereafter, 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 
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temperature. Rhombic, purple crystals of Co4-POM were collected by filtration, washed with water, 

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

The compound was characterized by FT-IR (Figure S1), POM composition was calculated by elemental 

analysis (ICP-MS) (Table S1), and water content was calculated by thermogravimetric analysis (TGA) 

(weight loss: 13.46%). Mw = 5918.04 g/mol 

Preparation of Cs8.3K1.7[Co4(H2O)2(B-α-PW9O34)2]·14H2O (CsCo4-POM): CsCo4-POM was achieved by 

metathesis reaction following an established literature method2 and characterized by FT-IR (Figure S1) 

and by elemental analysis (ICP-MS) 

Figure S1: FT-IR spectra of KCo4-POM and CsCo4-POM. 

Synthesis of Mg2Al-Cl-LDH (Mg2Al-LDH): This LDH was prepared by the urea hydrolysis method under 

hydrothermal conditions. In a first step, 250 mM aqueous solutions of MgCl2·6H2O and AlCl3·6H2O were 

prepared separately employing milliQ H2O and stored at 4°C. Then, 36 mL of the MgCl2 solution and 18 

mL of the AlCl3 solution were mixed in a Teflon vial, and the final volume was increased to 90 mL with 

the addition of 36 mL of milliQ H2O. To this solution, 2.365 g (39.4 mmols) of urea were added and the 

resulting mixture was stirred for 5 minutes. The Teflon vial was placed in the autoclave and the reaction 

was carried out in an oven at 140°C for 24 hours. After cooling down to room temperature, the 

obtained Mg2Al-LDH was recovered by centrifugation, washed with milliQ H2O until the resulting 

washing waters had a neutral pH, then it was washed with EtOH, and dried under vacuum for 24 hours. 

Infra-red spectrum of the as-synthesized Mg2Al-LDH indicates that in addition to chloride, carbonate 

anions have been also incorporated into the LDH interlayer space. The carbonate was removed from 

the structure by anion exchange. For this, we prepared first in a round bottom flask a 1M NaCl aqueous 

solution using 1 L of milliQ H2O to which HCl was added until a final concentration of 3.3 mM Then, the 

solution was degassed with N2. Thereafter, 1 g of the as-synthesized Mg2Al-Co3-LDH was dispersed in 

the aqueous solution, the round bottom flask was sealed, the suspension was stirred for 12 hours 

under a flow of N2. This step was repeated twice to completely exchange the carbonate by chloride 

anions. Finally, the Mg2Al-Cl-LDH was recovered by centrifugation, washed three times with milliQ 

H2O, then with EtOH, and dried under vacuum overnight. 
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Figure S2: FT-IR spectra of Mg2Al-Cl-LDH and Mg2Al-CO3-LDH. 

Fabrication of the hybrid Co4/Mg2Al nanocomposites: 

Preparation of Co4/Mg2Al_1: A 5 mM Co4-POM aqueous solution was prepared by dissolving 148.5 mg 

of Co4-POM in 5 mL of milliQ H2O. The solution was then filtered using Nylon syringe filter, transferred 

into a vial, and degassed with Ar for 20 minutes. Then, 10 mg of Mg2Al-LDH were added and the vial 

was sealed and sonicated for 20 minutes. After this, the solution was stirred while Ar was passed 

through the gas space of the vial using a syringe for 42 hours. Finally, the hybrid nanocomposite was 

collected by centrifugation, washed three times with milliQ H2O, then with EtOH, and dried under 

vacuum overnight. 

Preparation of Co4/Mg2Al_2: A 5 mM Co4-POM aqueous solution was prepared by dissolving 148.5 mg 

of Co4-POM in 5 mL of milliQ H2O. The solution was then filtered using Nylon syringe filter, transferred 

into a vial, and degassed with Ar for 20 minutes. Then, 10 mg of Mg2Al-LDH were added and the vial 

was sealed and sonicated for 60 minutes. After this, the solution was stirred while Ar was passed 

through the gas space of the vial using a syringe for 42 hours. Finally, the hybrid nanocomposite was 

collected by centrifugation, washed three times with milliQ H2O, then with EtOH, and dried under 

vacuum overnight. 

Preparation of Co4/Mg2Al_3: 8.0 mg of Mg2Al-LDH were placed in a vial to which 4 mL of formamide 

were added. Then the vial was sealed and purged with Ar for 30 minutes and then, placed in the 

ultrasound bath for 20 minutes. Separately, 118.8 mg of Co4-POM were dissolved in 4 mL of milliQ H2O 

to obtain a 5 mM solution, which was also purged with Ar for 30 minutes. Thereafter, the Co4-POM 

solution was added dropwise to the dispersed Mg2Al-LDH and under stirring piercing a syringe through 

the septum of the sealed vial. After the complete addition of the Co4-POM solution, Ar was passed 

through the gas space of the vial and left under stirring for 20 hours. Finally, the hybrid nanocomposite 

was collected by centrifugation, washed three times with milliQ H2O, then with EtOH, and dried under 

vacuum overnight. 
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3) Electrochemical procedures: 

The electrochemical measurements were performed in a typical three-electrode set-up using either a 

glassy carbon rotating disk electrode (RDE-GC, 0.07 cm2) for cyclic voltammetry (CV) and linear sweep 

voltammetry (LSV) or a fluorine-dope tin oxide (FTO, 0.25 cm2) for chronoamperometry as working 

electrode. The set-up was completed by a Ag/AgCl (3M KCl) double junction reference electrode and 

a Pt foil as counter electrode. Three different buffered solutions were employed in this work: i) sodium 

phosphate (0.1M) buffer at pH 6.9 with NaNO3 (1M) as electrolyte (NaPi); ii) sodium borate (0.1M) 

buffer at pH 9 with NaNO3 (1M) as electrolyte (NaBi); and iii) KOH (1M) at pH 14.2. Cyclic voltammetries 

and linear sweep voltammetries were performed using an Autolab PGSTAT 128N 

potentiostat/galvanostat. Chronoamperometric measurements were carried out in a Gamry 1000E 

potentiostat/galvanostat. The uncompensated resistance value was calculated using the utility 

implemented in the Gamry 1000E potentiostat/galvanostat prior to each LSV measurement by 

applying a constant OER overpotential of 300 mV. Ohmic drop (iR) of the LSV curves were then 

compensated (100%) during the data treatment using the formula: Ereal = Eapp – iR. Prior to each 

experiment, the buffer solutions were degassed with Ar for at least 30 minutes. Before conducting the 

LSV measurements, CV at a scan rate of 100 mV/s was performed as a preconditioning step of the 

materials until no substantial changes were observed (typically 20 cycles). LSVs were performed at a 

scan rate of 1 mV/s and at a rotation of 1600 rpm, which was controlled with an Autolab RDE motor 

controller. LSV data was used for Tafel analyses. Chronoamperometry measurements were carried out 

in an H-cell where the working and reference electrodes were separated from the counter electrode 

by a glass frit (P0). For these experiments the applied overpotentials were 700 mV, 600 mV, and 500 

mV when using NaPi at pH 6.9, NaBi at pH 9, and KOH at pH 14.2, respectively. All the measurements 

were repeated at least three times to ensure reproducibility of the results. 

The Nernst equation was employed to calculate the thermodynamic potential for the water oxidation 

(EH2O O2⁄
0 ) at each pH used: 

EH2O O2⁄
0  = 1.229 − (0.059 × pH)(V) vs NHE at 25 ℃  (Eq. S1) 

All applied potentials (Eapp) were converted to the NHE reference scale using ENHE  =  EAg/AgCl  +

0.210 (V). The overpotentials were calculated by subtracting the thermodynamic water oxidation 

potential (EH2O O2⁄
0 ) from Eapp as: 

𝜂 =  Eapp  −  EH2O O2⁄
0     (Eq. S2) 

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

obtained current densities were set of a value of 0 mA/cm2 at 0 mV of overpotential to remove any 

possible contribution of capacitance to the electrocatalytic current. The onset potentials were 

estimated from the intersection point between the tangent lines of the Faradaic current at 0.2 mA/cm2 

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

Electrode preparation: Nafion inks were prepared by dispersing 2mg of each sample and 1 mg of 

carbon black in 0.5 mL of a 1:1 (H2O:EtOH) solution and 10 µL of a Nafion™ 117 solution (~5%). Then 

the mixture was sonicated for 2 hours to obtain a homogeneous suspension. Aliquots of 5 µL were 

drop-casted on the glassy carbon electrodes (already polished with 1.0 and 0.05 µm alumina powder) 

and dried at room temperature, whereas aliquots of 20 µL were drop-casted on the FTO electrodes 

(washed by sequentially sonicating them in water and then in isopropanol for 3 minutes each, and 

dried with a nitrogen flow) and dried at 60°C. 
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4) Characterization: 

 

Figure S3: TEM images and electron diffraction patterns of the Mg2Al-LDH and the hybrid Co4/Mg2Al 

nanocomposites. 

 

 

Figure S4: FT-IR spectra of the Mg2Al-LDH, the Co4-POM, and the hybrid Co4/Mg2Al nanocomposites. 

Mg2Al-LDH Co4/Mg2Al_1 Co4/Mg2Al_2 Co4/Mg2Al_3 
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Table S2: Elemental analysis (ICP-MS) of the fresh samples. For those containing the Co4-POM the data 

was normalized to the W content to facilitate the comparison. For Mg2Al-LDH the data was normalized 

to the Mg content.  

 

 

 

Figure S5: CO2 adsorption/desorption isotherms of the Mg2Al-LDH and the hybrid Co4/Mg2Al 

nanocomposites. 

  Mg Al Cl Co W P 

Mg2Al-LDH 

mg/g 215 123.9 12.5 - - - 

µmols/g 8845.92 4591.95 352.61 - - - 

molar ratio 2.00 1.04 0.079 - - - 

Co4/Mg2Al_1 

mg/g 129.8 74.7 3.91 16.4 100.7 2.16 

µmols/g 5340.46 2768.51 110.30 278.28 547.76 69.74 

molar ratio 175.49 90.98 3.62 9.14 18.00 2.29 

Co4/Mg2Al_2 

mg/g 88 48.7 8.6 12.39 115 2.41 

µmols/g 3620.65 1804.91 242.60 210.24 625.54 77.81 

molar ratio 104.18 51.94 6.98 6.05 18.00 2.24 

Co4/Mg2Al_3 

mg/g 46.1 29.4 4.26 19.75 252.9 4.98 

µmols/g 1896.73 1089.62 120.17 335.13 1375.65 160.78 

molar ratio 24.82 14.26 1.57  4.39 18.00 2.10 

KCo4-POM 

mg/g - - - 43.5 492 10.24 

µmols/g - - - 738.13 2676.24 330.6 

molar ratio - - - 4.96 18.00 2.22 

CsCo4-POM 

mg/g - - - 40.6 539 8.98 

µmols/g - - - 688.92 3013.49 289.92 

molar ratio - - - 4.23 18.00 1.78 
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Figure S6: Thermogravimetric (a) and differential thermal analysis (b) of the Mg2Al-LDH, the CsCo4-

POM, and the hybrid Co4/Mg2Al nanocomposites. 
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Figure S7: Linear sweep voltammetry (left) and Tafel plots (right) of the hybrid Co4/Mg2Al 

nanocomposites, CsCo4-POM, and Mg2Al-LDH performed in a) sodium phosphate (0.1M) buffer with 

NaNO3 (1M) at pH 6.9; b) sodium borate (0.1M) buffer with NaNO3 (1M) at pH 9; c) potassium 

hydroxide (1M) at pH 14.2. 
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Table S2: Calculated onset overpotentials and Tafel slopes of the different hybrid Co4/Mg2Al 
nanocomposites at the different working conditions compared to that of the CsCo4-POM. 

 NaPi at pH 6.9 NaBi at pH 9 KOH at pH 14.2 

Sample 
ηonset 

(mV) 
Tafel Slope 
(mV/dec) 

ηonset 

(mV) 
Tafel Slope 
(mV/dec) 

ηonset 

(mV) 
Tafel Slope 
(mV/dec) 

Co4/Mg2Al_1 705 194 477 92 377 56 

Co4/Mg2Al_2 584 316 452 90 370 53 

Co4/Mg2Al_3 548 204 452 89 370 52 

CsCo4-POM 567 275 464 87 322 51 

 

 

 

 

Figure S8: Calculated onset overpotentials of the different hybrid Co4/Mg2Al nanocomposites at the 
different working conditions compared to that of the CsCo4-POM. 
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Figure S9: Cyclic voltammogram showing the appearance of a redox peak in the hybrid Co4/Mg2Al_3 
nanocomposite during the preconditioning cycles performed in KOH (1M) at pH 14.2 compared to the 
preconditioning cycles of Co3O4. The redox event appears centered at 0.29 V and is assigned to the 
Co(II)/Co(III) pair originated from the Co(II) ions expelled from the Co4-POM structure due to its 
hydrolytic decomposition under strong alkali media. 

 

Figure S10: XPS valence region of a catalyst free Nafion ink showing the strong overlap with the W4f 
edge in the 30–40 eV region. 
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