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Intercalating Co-POMs into the LDH lamellar space effectively
boosts their OER activity at neutral pH. In alkaline media, Co-POMs
decompose into tunable layered cobalt oxide species within the
LDH gallery, controlled by Co-POM nuclearity. The latter is a novel
method for preparing layered oxides using the LDH galleries as
nanoreactors.

The rise in global energy demands and the broader goals of
carbon neutrality urge us to rapidly change our energy
production paradigm toward cleaner alternatives.! Green
hydrogen production via water electrolysis is an affordable
method for storing renewable energy, aiming to replace fossil
fuel usage and mitigate anthropogenic effects on climate
change.?? In the water electrolysis process, the water oxidation
half-reaction, also known as the oxygen evolution reaction
(OER), is a bottleneck preventing efficient, large-scale hydrogen
production.* The reason is that OER is associated with high
thermodynamic and kinetic barriers imposed by a complex four-
electron transfer coupled with proton migration, O-H bond
cleavage, and O-O bond formation, often requiring the use of
scarce, geographically concentrated noble metal-based
catalysts.>7 Consequently, the design and optimisation of high-
performance OER electrocatalysts based on earth-abundant
elements is a major research priority.8°

Polyoxometalates (POMs) are nanosized molecular oxides
attractive as OER catalysts due to their robustness under
oxidizing conditions, their high amenability and molecular
versatility, and their ability to undergo redox processes without
altering their molecular structure.'%11 Furthermore, they can be
seen as molecular models of bulk oxides that aid the
rationalisation and design of novel heterogeneous OER
catalysts. Especially interesting are the Cobalt-substituted
polyoxometalates (Co-POMs), which have been intensively
studied over the last 15 years as OER catalysts, showing
excellent catalytic capabilities in a wide variety of pH conditions
with outstanding stability under controlled conditions.12714
Moreover, structure-activity relationships studies advanced in

aInstitut de Ciéncia Molecular, Universitat de Valéncia, Catedrdtico José Beltrdn 2,
46980 Paterna, Spain.

the better understanding of their properties to fine-tune their
OER capabilities.’>™1° As molecular, water-soluble clusters, they
need to be processed to work under heterogeneous
conditions.2%-22 |n this respect, 2D materials can play a crucial
role in the fabrication of heterogeneous, Co-POM-based OER
catalysts displaying a high surface area, mechanical strength,
and excellent chemical stability. Additionally, the ultrathin
nature of 2D materials minimizes the electron migration
pathways, promoting charge separation and reducing
recombination.?324 For instance, we have recently shown that
intercalating [Cos(H20)2(PWs034),]'% (Cos) in an OER inactive
Mg,Al layered double hydroxide (LDH) enhances the OER
activity of Cos at close-to-neutral pH. Interestingly, due to the
low stability of the Keggin moiety in alkali conditions, the Co-
POM undergoes hydrolytic transformation into an OER-active
layered, mixed-valence Co(ll/lll) oxide within the LDH
interlayers.?> The latter suggests that LDHs can act as confined
nanoplatforms to produce layered heterostructures of
alternating oxides/hydroxides.

Here, we investigate the electrocatalytic OER activity of two Co-
POMs,  [Cog(H20)6(OH)3(HPO3)2(PWyO34)3]*®-  (Cog)  and
[Co4(H20)2(P2W150s6)2]*% (Cos-WD), intercalated into Mg,Al-
LDH. By comparing the displayed OER activities with that of our
previously reported Cos/Mg,Al nanocomposite, we assess the
influence of Co-POM nuclearity (Cos vs Cog) and the
polyoxotungstate framework type (Cos-Keggin vs Cos-Wells-
Dawson) on OER activity.
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Fig. 1 (a) PXRD pattern of Mg,Al-LDH compared to that of the freshly prepared
nanocomposites. (b) FT-IR spectra of Mg,Al-LDH, Cos POM, and Cos/Mg>All. (c)
TEM image and EDX mapping of Coo/Mg,Al.

The Co-POMs/Mg,Al hybrid nanocomposites were fabricated
through a cation exchange process. Co-POMs intercalation was
confirmed by analysing the PXRD patterns of the as-synthesized
nanocomposites shown in Fig. 1(a). The basal reflections of the
pristine  Mg,Al-LDH display the expected peaks for a
hydrotalcite-like material. The first peak corresponds to the
(003) interlayer reflection and depends on the size of the anion
present in the lamellar space. This peak appears at 20 = 11.54°,
corresponding to a basal spacing (dss) of 7.67 A and an
interlayer spacing of 2.87 A, assuming an LDH layer thickness of
4.8 A.26 After Co-POM intercalation, the PXRD patterns become
markedly broader and less defined, indicating a substantial loss
of crystallinity and the onset of turbostratic disorder. This
behaviour is consistent with the structural perturbation
commonly observed when molecular species that can perturb
the interlayer interaction are included into layered two-
dimensional hosts.?” Despite this reduced crystallinity, the
broad reflection assigned to the (003) interlayer reflections of
the Co-POM/LDH nanocomposites shifts to 26 = 5.2° for
Coo/MgAl and 206 = 4.9° for Cos-WD/Mg,Al, with estimated
interlayer spacing of 12.19 A and 13.23 A, respectively.
Therefore, considering that the length of the short axis of both
POMs ranges between 1.0 and 1.5 nm, these interlayer space
distances suggest that Cog is intercalated with the Csn
symmetrical axis perpendicular to the host layer of the LDH,
whereas the C,n symmetrical axis of Cos-WD lies parallel to the
host layer.

FT-IR spectra of the hybrid nanocomposites compared to those
of the isolated materials demonstrate the appearance of
electrostatic interactions and the formation of hydrogen bonds
between the Co-POM framework and the LDH layers (Fig. 1(b)
and Fig. S3). This is exemplified by a slight shift in the energies
of the different vibration modes of the tungsten-oxide
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framework of the Co-POMs in the 700-950 cm! range and ashift
in the O-M-O vibrations of the brucite-hk& 18y8¢8/6fGheld®H
counterpart between 620 and 750 cm™. Moreover, the
vibrations attributed to the P-O bond of the heteroatom
displayed at 1026 cm™ in Cog and at 1051 and 1082 cm™ in Coas-
WD remain unaltered.

The compositional elements in the nanocomposites were
analysed by ICP-MS, confirming the expected Mg:Al ratio of 2:1
after Co-POM intercalation (Table S1). Moreover, we estimated
the LDH:Co-POM ratio for both nanocomposites as
[Mgo.66Al0.34(OH)2]:[(Cos)o.020] and  [Mgo.seAlo.3a(OH)2]:[(Coa-
WND)o.020] for Cog/Mg,Al and Cos-WD/Mg>Al, respectively, which
are similar values to our previously reported ratio of
[Mg0,54A|0‘36(OH)2]Z[(C04)o‘025] in the C04/Mg2A| nanocomposite.
TEM images of the nanocomposites show that the initial
hexagonal crystals of Mg,Al-LDH are partially broken during the
chemical exfoliation step, whereas electron diffraction patterns
show a pronounced turbostratic disorder due to an imperfect
alignment in the restacking of the slabs from the swollen phase
during Co-POM intercalation (Fig. 1(c) and Fig.54-S5).
Additionally, EDX mapping confirms the presence of all the
expected elements and shows that the Co-POMs are
homogeneously dispersed in the lamellar space of the LDH.

Fig. 2 presents the XPS spectra of the freshly prepared
Coo/MgAl and Cos-WD/Mg,Al hybrids alongside those of the
corresponding bare POMs and the Mg,AIl-LDH reference. In
both hybrids, the Co 2p and W 4f signals coincide with those of
the isolated POMs (Fig. 2(a-b)), while the Mg and Al
contributions from the LDH lattice are also detected (Fig 2(c-d)).
Importantly, the binding energies of Co and W remain
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Fig. 2 XPS data of the as-synthesized Mg,Al-LDH, Cos-WD and Cos POMs,
and Cos/Mg,Al and Cos-WD/Mg,Al nanocomposites.
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unchanged, demonstrating that the Cos-WD and Cog clusters
are incorporated into the LDH interlayer space without
alteration of their redox state. In contrast, the LDH component
exhibits a clear modification. As previously observed,?® an
additional contribution appears in the Al 2p region of the
hybrids, indicating a change in the electronic environment of Al
induced by the presence of the intercalated Co-POMs (Fig. 2(c)).
This effect is consistent with a direct electrostatic interaction
between the negatively charged Co-POM anions and the
trivalent Al centres that carry the positive charge within the LDH
layers. Further evidence of this interaction is provided by the Na
1s and K 2p regions (Fig. 2(e-f)). The characteristic counter-
cations detected in the bare POMs (Na* for Cos-WD and K* for
Cog) are absent in the corresponding hybrids. Their
disappearance confirms that charge compensation is instead
provided by the intrinsically cationic LDH framework, with the
POMs residing in the lamellar space.

We then analysed the stability of the nanocomposites in the
two electrolytes later employed in the OER measurements. The
nanocomposites were immersed in the electrolytes under
stirring for 72 hours. PXRD patterns (Fig. S6) and FT-IR spectra
(Fig. S22) of the collected materials show that their structural
integrity is maintained at pH 6.9. However, a clear structural
change is observed at pH 14.2, in which the crystallinity of the
LDH is recovered, accompanied by a decrease in the gallery
spacing, and the main POM features in the FT-IR completely
disappear. Moreover, EDX mapping confirms this behaviour,
showing in Fig. S7-S8 the Co-POMs homogeneously dispersed in
the LDH at pH 6.9, while W and P are barely detected at pH 14.2,
with predominantly Co present in the LDH gallery as seen in Fig.
S$9-S10. This result indicates that neither Keggin nor Wells-
Dawson POM ligands are stable in alkaline media. In fact, it is
well known that Keggin and Wells-Dawson POMs are only stable
in acidic media,?® while Co-POMs undergo hydrolytic
decomposition in basic media.?>3° Therefore, we can confirm
that LDHs do not provide an appropriate environment for
stabilising the intercalated POMs in alkaline media. In our case,
Co-POM degradation results in the loss of W and P atoms from
the nanocomposites, while Co is retained in the LDH gallery as
a layered oxide/hydroxide formed in situ (vide infra).

The electrocatalytic OER activity of the hybrid nanocomposites
was studied at neutral and alkaline pH. To allow for a fair
comparison, the intrinsic activity of each hybrid was analysed by
normalizing the current intensities displayed in the polarization
curves by the roughness factor (Rg) of each electrode (Fig. 3(a-
b), Fig. S11). We also compared the OER activity based on the
Co content (Fig. S12) and confirmed O3 evolution through RRDE
experiments (Fig. S13). Despite offering the lowest ECSA value
(Fig. 3(d)), Cos/Mg2Al outperforms the OER activity of both
Cos/MgyAl and Cos-WD/Mg,Al at neutral pH, agreeing with
previous studies demonstrating superior OER activity of Coo.3!
Interestingly, the Cos-WD/Mg,Al hybrid displays comparable
OER activity to Cos/Mg2Al. The Cos-WD POM is commonly
considered a poor OER catalyst,'23? whereby Keggin-derivatives
exhibit faster kinetics than Wells-Dawson-derivatives, often
associated with the higher steric hindrance imposed by larger
POM ligands.32 Our results suggest that the homogeneous

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 OER activity of the nanocomposites. LSV polarization curves using (a) 0.1 M
NaP; buffer with 1M NaNO; as an electrolyte at pH 6.9 and (b) 1 M KOH electrolyte
at pH 14.2. (c) Extracted Tafel slopes. (d) Estimated ECSA values.

dispersion of POMs in the interlayer space of the LDH, together
with the confinement effects result in a positive impact on the
overall activity of the POMs. Under these conditions, Cog/Mg-Al
shows an onset overpotential of 530 mV and a Tafel slope of 73
mV/dec (Fig. 3(c), Fig. S14), indicating a competition between a
chemical and an electron-transfer limiting step. Cos-WD/Mg-Al
displays an onset overpotential of 595 mV and a Tafel slope of
205 mV/dec. The rather large Tafel slope indicates that OER is
limited by a diffusion process and electron transfer. The latter
values are comparable to those obtained for Cos/Mg,Al, which
shows an onset overpotential of 600 mV and a Tafel slope of
195 mV/dec. Our results indicate that Cos possesses superior
OER kinetics and that, when carefully engineered to overcome
the steric hindrance of bulky POM ligands, Cos-WD-based
nanocomposites can display comparable OER capabilities to
Cos-based ones. This is reasonable since both Co-POMs share
the same OER-active cobalt-oxo belt in the sandwich structure.
The above-mentioned ex situ characterisation showed that Co-
POMs decompose under alkaline conditions, leading to the in
situ formation of layered CoOy. Indeed, we observe the
appearance of a new redox pair in the pre-conditioning CVs,
which can be assigned to the Co?*/3* redox pair of CoOy (Fig.
S15). We conducted LSV measurements at pH 14.2 to study the
differences in the catalytic activity of the CoOx formed by each
Co-POM. The normalised polarization curves in Fig. 3(b) show
that the three materials display similar OER activities but with
some differences worth mentioning. The Cos/Mg,Al-derived
hybrid shows a higher intrinsic OER activity with an onset
overpotential of 320 mV. Notably, despite sharing the same
catalytic site, Cos-WD/Mg>Al-derived material shows lower OER
capabilities than that of Cos/Mg,Al-derived material, with onset
overpotentials of 350 mV and 335 mV, respectively.
Additionally, they all follow the same Tafel behaviour with Tafel
slopes close to 40 mV/dec, as seen in Fig. 3(c) and Fig. S14,
which is reasonable given the similarity of the formed oxides,
and indicates a rate-limiting step corresponding to the second-

J. Name., 2013, 00, 1-3 | 3
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electron oxidation, i.e., the formation of the Co-O species. The
observed behaviour suggests that the POM ligand may
influence the structure of the formed CoOx and, therefore, the
overall OER properties. In fact, the calculated ECSA values for
these Co-POM/Mg,Al-derived materials demonstrate a distinct
number of active sites in the formed CoOx (Fig. 3(d)).
Chronoamperometric measurements were performed to assess
the long-term stability of the nanocomposites under OER
conditions (Fig. S16). In this case, we used carbon paper as
working electrodes, enabling in situ XPS characterization after
24 hours of water electrolysis. Fig. S17-S18 shows the high-
resolution XPS spectra of the hybrids after catalysis at pH 6.9
and pH 14.2 compared with those of the fresh materials.
Although Cos-WD and Cog are generally stable near neutral pH
and prone to hydrolysis in strongly alkaline media, it remained
unclear  whether this  behaviour persisted during
electrocatalysis. In all postcatalytic samples, the Mg and Al
signals of the LDH are preserved, indicating that the layered
host structure remains intact regardless of pH. In contrast, the
W 4f and Co 2p regions show pronounced differences
depending on the operating conditions. At pH 6.9, the W:Co
ratios of the hybrids (Cos/Mg,Al = 2.8; Cos-WD/Mg,Al = 2.7)
remain close to those of the fresh materials (Cos/Mg,Al = 2; Coas-
WD/Mg,Al = 4), demonstrating that the POM frameworks are
retained in the interlayer space after OER operation. Note that
these ratios are lower than expected since XPS is a surface
technique, thus precluding the exact quantification of
intercalated POMs. At pH 14, however, the W:Co ratio drops
drastically (= 0.05 for both hybrids), evidencing the loss of W-
containing fragments and therefore decomposition of the POM
clusters. The remaining cobalt persists within the LDH
interlamellar. Concomitantly, the Co 2p spectra show
attenuation of the characteristic Co(ll) satellite features,
indicating partial oxidation to a mixed Co(ll)/Co(lll) state, an
effect absent in the samples operated at pH 6.9. TEM images
and EDX mapping of the recovered samples also agree with
those observations (Fig. S19-S22). FT-IR spectra show the
expected bands associated with the POMs at pH 6.9 and a
decrease of these at pH 14.2 (Fig. S23). Together, these results
demonstrate that intercalation within the LDH stabilizes both
Cos-WD and Cog POMs under OER conditions at neutral pH,
preserving their composition and oxidation state. In strongly
alkaline media, however, the clusters rapidly decompose,
leaving only oxidized cobalt species confined in the LDH layers.
In conclusion, we have prepared different Co-POM/MgAl
nanocomposites and studied their OER properties. At pH 6.9,
the Coo/Mg,Al hybrid displays superior intrinsic activity.
Interestingly, confinement effects activate the Cos-WD POM, as
seen by the comparable activity displayed by Cos-WD/Mg,Al
and Cos/MgAl. Conversely, at pH 14.2, the LDH environment
cannot stabilise the POM framework, leading to POM
decomposition and in situ formation of OER active layered CoOx
species in the LDH gallery space. The latter can be exploited as
a unique method for the controlled synthesis of layered metal
oxides. Moreover, the properties of the formed layered CoOx
can be fine-tuned by carefully selecting the Co-POM with the
appropriate nuclearity.
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