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Polyoxometalate electrocatalysts based on earth-
abundant metals for efficient water oxidation in

acidic media

Marta Blasco-Ahicart, Joaquin Soriano-Lopez, Jorge J. Carb6, Josep M. Poblet and

J. R. Galan-Mascaros

Water splitting is a promising approach to the efficient and cost-effective production of renewable fuels, but water
oxidation remains a bottleneck in its technological development because it largely relies on noble-metal catalysts. Although
inexpensive transition-metal oxides are competitive water oxidation catalysts in alkaline media, they cannot compete with
noble metals in acidic media, in which hydrogen production is easier and faster. Here, we report a water oxidation catalyst
based on earth-abundant metals that performs well in acidic conditions. Specifically, we report the enhanced catalytic
activity of insoluble salts of polyoxometalates with caesium or barium counter-cations for oxygen evolution. In particular,
the barium salt of a cobalt-phosphotungstate polyanion outperforms the state-of-the-art IrO, catalyst even at pH <1, with
an overpotential of 189 mV at 1 mA cm™. In addition, we find that a carbon-paste conducting support with a hydrocarbon
binder can improve the stability of metal-oxide catalysts in acidic media by providing a hydrophobic environment.

ater is vastly preferred as a source for hydrogen—one of
Wthe most promising green fuels for the establishment of

a sustainable and environmentally friendly energy
cyclel. This closed cycle would work using renewable energy to
split water into oxygen and hydrogen, and recombining them
back into water via fuel cells, for example, to extract the stored
energy. However, water-splitting technologies are still far from
being economically competitive for solar fuel production. This is
a major issue to be overcome in order to support a societal
change in the energy paradigm, in particular when very cheap
hydrogen is currently available from steam reforming?. Therefore,
tremendous research effort is being made in the field to find
viable solutions to reduce solar fuel production costs, with most
being focused on electrochemical processes. Finding cost-effective,
earth-abundant, efficient and robust catalysts for water splitting
is essential.

Recently, low-cost catalysts for the hydrogen evolution reaction
(HER) have been described for multiple working conditions and a
large pH range3-5. However, the oxygen evolution reaction (OER)
remains a more difficult problem, especially in acidic media®.
Water oxidation is a complex four-electron redox process that pro-
duces protons and oxygen, and typically requires very high overpo-
tentials n. Earth-abundant and inexpensive water oxidation catalysts
(WOCs) that match all these requirements have been found for
alkaline or neutral media applications. However, only noble-metal
oxides such as RuO, or IrO, fulfil the technological requirements
in acidic conditions’, and RuO, suffers from rapid deactivation®.

Acidic solutions appear to be preferred as media to carry out
water electrolysis. Hydrogen production is much easier at lower
pH, where the proton (as reagent) concentration is higher®1°,
Alkaline electrolysis has additional drawbacks, such as more difficult
product separation or carbonation. The lack of a low-cost alternative
WOC to IrO, in acidic media remains a major challenge in the field.

Transition-metal oxides have been studied for several decades as
WOCs, with excellent results*~*8, Unfortunately, all lose their
remarkable activity on lowering the pH®%. Only cobalt oxides
appear to retain interesting activity at neutral pH, with the help of
ancillary electrolytes?*?2, At higher proton concentrations, catalytic
performance is insufficient and corrosion becomes a major issue.
Under these acidic conditions, manganese oxides, for example,
support only very low current densities, and doping or electro-
chemical treatments are being studied to improve their stability and
performance®24. Nanostructured cobalt oxides can sustain good
current densities, but for short periods of time due to corrosion?®.
However, the latter may be incorporated into the hydrogen
production  scheme to improve overall yields®. Unfortunately,
neither of these clever strategies can compete with the performance
of IrO,.

As an alternative to oxides, cobalt-containing polyoxometalates
(Co-POMSs) have shown to be promising homogeneous earth-
abundant WOCs in close-to-neutral pH?-20. Although their activity
has been subject to close scrutiny3-33, there is no doubt that they are
genuine molecular WOCs under controlled working conditions®-%7,
Interestingly, we have demonstrated that Co-POMs maintain their
catalytic activity in heterogeneous conditions when supported on
modified electrodes as insoluble caesium salts®e.

Here, we disclose the excellent catalytic activity of water-
insoluble Co-POM salts in acidic media. Modified electrodes incor-
porating barium salts of Co-POMs promote OER during water
electrolysis experiments, with superior performance to the state-
of-the-art IrO, in sulfuric acid solution (1 M). Lower onset poten-
tials, higher current densities at lower overpotentials and Faradaic
oxygen evolution demonstrate that barium Co-POM salts are a
real alternative to the corresponding noble-metal champions.
This is the first time that a competitive activity has been found in
a low-cost, earth-abundant material, opening unprecedented
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Figure 1 | Electrochemical behaviour of Co-POM/CP electrodes. a, Molecular structure of the [Cog(H,0)s(OH)3(HPO,),(PWy034)5]*® cluster. Co, pink;

O, red; WOg, grey octahedra; PO,, black tetrahedra. b, Linear sweep voltammetry in H,SO, (1 M) solution with a Cs[Co-POM]/CP blend working electrode
for different catalyst contents. The increment in current indicates the onset of electrocatalytic water oxidation. CP: blank experiment with a carbon-paste-only
electrode. ¢, Same experiments with a Ba[Co-POM]/CP blend electrode, showing the lower overpotentials needed to reach even higher currents. This indicates

a better electrocatalytic energy efficiency overall, because current is proportional

opportunities to develop technologically and economically viable
acid water electrolysis.

Results and discussion
Electrochemistry. Due to the high level of interest in acid water
oxidation catalysis, we decided to test the activity, in acidic
media, of the caesium salt of the [Cog(H,0)s(OH)3(HPO,),
(PWoO34)3]*® cluster (Cos, Fig. 1a), which was obtained by
simple metathesis of the corresponding potassium salt as Cs;sK
[Cog(H20)s(OH)3(HPO,)2(PWg034)3]-28H,0 (Cs[Co-POMY]).
We blended this salt with commercial carbon paste (CP, formed
from carbon black and an organic oil binder) to obtain a
modified electrode to be used as the anode in water electrolysis
experiments in H,SO, solution (1 M), without any additional
electrolyte. The three-electrode configuration was completed with
a Pt mesh as counter-electrode and a Ag/AgCl reference electrode.
We investigated the electrochemical activity of Cs[Co-POM]/CP
blends using linear sweep voltammetry (LSV). The current
densities showed a rapid increase deviating from the flat response
of the CP, indicating the appearance of -catalytic currents
(Fig. 1b). We optimized the catalyst content following the LSV
response. Catalytic performance shows optimum activity for
blends at 30-40% content (in weight) with a minimum onset
potential of 1.42V vs NHE (n =196 mV). Blends with more than
50% content became too brittle for accurate measurements, so we
limited the maximum catalyst content to 40% for all further studies.
We carried out analogous electrochemical studies substituting
Cs" with Ba?*. This heavy alkaline earth dication forms the water-
insoluble  salt Bag[COQ(Hzo)G(OH)3(HPO4)2(PW9034)3]'55H20
(Ba[Co-POM]). To our surprise, Ba[Co-POM]/CP electrodes
showed a significantly better electrocatalytic performance. The
LSV data show onset potentials as low as n =88 mV and higher
current densities in the potential range studied (Fig. 1c and
Supplementary Fig. 1). This huge improvement in voltage efficiency
suggests a strong influence of the counter-cation in electrocatalysis
kinetics, because both salts contain the same active Co-POM. The
origin of this positive effect could be related to better electron trans-
fer kinetics. However, without further experimental evidence, we
cannot discount that it is related to higher hydration, a different
surface area/interface or lower crystallinity.

Comparative electrochemistry. It is difficult to compare OER
catalytic activities®®, because many parameters affect the overall
performance, including particle size, active surface area,

to oxygen evolution.

accessibility to active sites, electrode geometry, electronic interface
and so on. To put our Co-POM results into context, we carried
out the same experiments using an IrO,/CP blend to mimic
identical working conditions. As shown in Fig. 2a, no IrO,/CP
blend can match the catalytic activity of the Co-POM electrodes at
low overpotentials with the same catalyst content by weight. The Ba
[Co-POMY]/CP blend exceeds the performance of the noble-metal
oxide in the entire potential range studied. Lower potentials are
needed to reach the same current densities (Table 1), including a
remarkable 246 mV difference for the onset potential of water
oxidation and 97 mV to reach a current density of 10 mA cm™
The superior performance of Ba[Co-POM]/CP is even more
evident if we take into account the total number of possible active
sites (Supplementary section ‘Active sites calculation’) in each
modified electrode, given the different molecular weight. For
instance, with the same catalyst weight, 1rO,/CP blends contain at
least five times more active sites than the corresponding Ba[Co-
POM]/CP blend. Thus, Ba[Co-POM] easily outperforms the
kinetics of the best state-of-the-art OER catalyst in acidic media, per
weight and per mol, while being obtained from inexpensive starting
materials (barium, cobalt, phosphate and tungstate), representing
the first competitive catalyst of its kind. Such lower overpotentials
would improve the voltage efficiency of a water-splitting device by
a large margin, maximizing energy efficiency.

We also studied the Tafel plots for these catalysts (Fig. 2b), with
steady-state current density values in the 0.0<n<0.4 range. The
Tafel slopes were 66 mV dec™ (IrO,/CP), 98 mV dec™ (Cs[Co-
POM]/CP) and 97 mV dec™ (Ba[Co-POM]/CP). The Tafel slope
depends exclusively on the rate-determining step of an electroche-
mical process. The IrO,/CP slope is typical of this catalyst*°, indicat-
ing chemically controlled kinetics. The Co-POM slopes are higher,
indicating competition between a chemical and an electron-transfer
limiting step. This is not surprising given the insulating nature of the
Co-POM salts when compared with the high conductivity of 1rO.,.
Even with a higher Tafel slope, the Ba[Co-POM]/CP blends reach
higher currents in a large potential range because of their lower
onset potentials. This allows an overall lower energy consumption
to be sustained and thus a higher energy efficiency. Extrapolating
the Tafel plots (only valid if the rate-determining step of the mech-
anism does not change with potential), IrO, would match the per-
formance of Ba[Co-POM] at overpotentials greater than 0.7 V. The
identical slope for both Co-POMSs suggests the same oxygen evol-
ution mechanism is taking place in both cases, as expected,
because both Co-POMSs contain the same active sites.
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Figure 2 | Comparative electrochemical behaviour of catalyst/CP electrodes in acidic media, highlighting the superior activity of Co-POM modified
electrodes for oxygen evolution. Ba[Co-POM]/CP reaches higher currents at lower overpotentials in the entire range studied. When compared with state-of-
the-art nanostructured 1rO,-based catalysts, Ba[Co-POM]/CP remains a competitive non-noble alternative, in particular at low overpotentials. a, Linear
sweep voltammetry in H,SO, (1 M) solution with an IrO,/CP blend working electrode for different catalyst content, compared with Cs[Co-POM]/CP and
Ba[Co-POMY]/CP electrodes. b, Tafel region for 30% catalyst/CP blends from steady-state chronopotentiometry experiments in H,SO, (1 M) solution.
Orange and blue triangles are taken from the literature, and represent the state of the art for IrO, and IrO, /SrirO,, respectively*42, ¢, Linear sweep
voltammetry in H,SO, (1 M) solution with a Co;0,/CP blend working electrode for different catalyst content, compared with Cs[Co-POM]/CP and
Ba[Co-POMY]/CP electrodes. d, Normalized linear sweep voltammetry in H,SO, (1 M) solution for 30% catalyst/CP blends with respect to the total active

metal content (Co or Ir), showcasing the superior Ba[Co-POM] activity per mol.

We need to mention that the IrO, activity we found in our CP
blends is not comparable with state-of-the-art 1rO, preparations*.,
Additionally, Jaramillo et al. reported how nanostructuring of
IrO,/SrirO; blends enhances their already high catalytic activity*.
Nevertheless, our Ba[Co-POM]/CP electrodes exhibit better cataly-
tic activity at low overpotentials than the best IrO, results avail-
able**#2 and are still competitive at moderate current densities up
to 10 mA cm (Fig. 2b).

An important issue with Co-POMs is the possibility to evolve
into the corresponding CoO, species (a competitive WOC)
during water oxidation. Indeed, CoO, has been identified as the
major active phase in water oxidation catalysis when starting
with Co-POMs under certain experimental conditions®32. We
carried out the same experiments starting with Co;O, to gather
additional evidence on the possible participation of traces of
adventitious CoO,. We observed that the water oxidation activity
of Co;04/CP electrodes is clearly better than what has been typi-
cally reported for this WOC in acid?®. This suggests that the use
of a hydrophobic binder and an appropriate conducting support
could extend the use of classic metal oxides into acidic media.

Although Co?" is a competent WOC2, we can rule out the partici-
pation of any homogeneous species during these experiments,
because post-electrocatalytic elemental analysis data (from induc-
tively coupled plasma optical emission spectrometry, ICP-OES)
confirmed the absence of any metal in solution (Supplementary
Table 1).

The LSV data for the Co;0,/CP blends (Fig. 2c and Table 1) show
an electrocatalytic performance close to that of Cs[Co-POM]/CP by
weight, reaching a very low onset potential for high catalyst contents.
The Tafel plots indicate a different rate-determining step, with sig-
nificantly higher slopes over 110 mV dec™ (Fig. 2b). These oxide
blends thus cannot match the Ba[Co-POM]/CP modified electrodes
when reaching significant current densities (over 1 mA cm™). As
described already, it is worth mentioning that these comparisons
by weight are unfair to the Co-POM catalysts. At the same weight,
the number of active sites in an oxide electrode is about one order
of magnitude higher due to its lower molecular weight and higher
density of active sites. If we normalize the current density data
taking into account the total number of Co centres, the activity of
both Co-POMI/CPs is remarkably better (Fig. 2d).



Table 1 | Comparison of linear sweep voltammetry data for
Co-POM/CP electrodes with the corresponding iridium and
cobalt oxide blends as a function of catalyst content.

cat/CP (%) Cs[Co-POM] Ba[Co-POM] IrO, Co30,
r]onset (mV)
40 196 88 334 90
30 236 103 335 196
20 246 164 363 305
10 363 280 393 386
n(mv) @j=1mAcm?
40 306 189 379 221
30 316 244 388 31
20 324 240 416 357
10 395 314 447 412
n(mV) @ j =10 mA cm™
40 466 361 458 410
30 >500 384 480 446
20 >500 404 >500 454
10 >500 434 >500 485
pH
40 0.1 02 0.1 0.2
30 0.2 0. 0.2 0.2
20 0.3 0.2 0.1 0.2
10 0.2 02 0.1 0.2
cat (total mg)
40 13 11 14 19
30 1 9 12 14
20 8 7 9 8
10 4 4 5 4

The exact pH of each 1M H,SO, solution was confirmed by direct measurements. Cat, catalyst.

electrochemical data. There is a significant difference in the LSV
data: the appearance of an additional precatalytic event in the
Co30,4 electrodes (Supplementary Fig. 1), which is absent for the
Co-POM catalysts.

Active surface area. To check if the different catalytic activity is only
due to a different active surface area in the as-prepared materials, we
carried out some additional characterization. First, we determined
the BET surface area for all four catalysts (Supplementary Fig. 2).
The results do not show significant differences, with very small
BET areas for all materials, as expected, from 2 m? g'1 for IrO, and
Cs[Co-POM], 11 m? g™* for Ba[Co-POM] and 28 m* g™* for Coz0..

We also analysed the double-layer capacitance (Cgy ) of the elec-
trodes, which is expected to be linearly proportional to the effective
active surface area (Supplementary Fig. 2). Although we cannot
extract exact values due to the unknown behaviour of the catalyst
and conducting support, we can easily estimate the relative surface
areas for all electrodes. The results show how Cyg is two orders of
magnitude higher for the Ba[Co-POM]/CP electrodes. This differ-
ence cannot be related to the BET surface area. These results indi-
cate that the surface of the Ba[Co-POM] catalyst is intrinsically
much more active towards water oxidation, which must be caused
by the crystalline surface structure of this material and perhaps by
the presence of the Ba?* cations in close proximity.

Oxygen evolution and post-catalytic analysis. Oxygen evolution
showed Faradaic production  (>99%) for both Co-POM/CP
electrodes, indicating a negligible contribution to the total
measured currents from any other redox process (Supplementary
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Figure 3 | Stability and benchmarking of catalyst/CP electrodes.
Chronoamperometry data in H,SO, (1 M) solution at a constant anodic
overpotential of 250 mV with 30% catalyst/CP blends. a, Over a period of
24 h, the Ba[Co-POM] exhibits superior currents and a robust response
after 4 h. The initial fast decay during the first hours is associated with a
capacitance event and is not due to catalyst fatigue. This was confirmed by
an intermittent analogous process (empty circles), where this trend is
reproduced. Arrows indicate initial time for each cycle. b, Detail of current
densities up to 24 h. ¢, Normalized data according to the total active metal
content (Co, Ir or Ni/Fe), highlighting the superior activity of [Co-POM] per
active site.

Fig. 3). Oxygen evolution in the case of cobalt oxide is not
Faradaic (~60-70%, Supplementary Fig. 4), providing additional
evidence of a different electrochemical mechanism. Co;0, is
probably partially catalysing the oxidation of the CP component.
After 2 h electrolysis at j =1 mA cm™, with an estimated turn-
over number (TON) of >10 (Supplementary section ‘TON esti-
mation’), we collected ex situ Raman and X-ray photoelectron
spectroscopy (XPS) data (Supplementary Figs 5—7). These surface-
sensitive characterization techniques are particularly useful for



detecting even traces of possible additional species generated in situ
on a catalyst surface*®. Comparative analyses do not show any sig-
nificant differences between fresh and used materials, suggesting
no change in the catalyst during oxygen production. The Raman
spectra are undistinguishable. The XPS spectra are also identical
at the W, P and Co edges. The Ols edge spectrum shows increased
intensities for the higher energy peaks, which can be assigned to
partial protonation of oxo sites. Thus, although we cannot rule
out the possible participation of other species, the simplest expla-
nation at present is that the [Co-POM] structure should be close
to the true active species directly participating in the catalytic
cycle. No additional contribution can be identified in the post-cat-
alytic characterization. Infrared and X-ray powder diffraction data
also support the bulk stability of the Co-POMs (Supplementary
Figs 8 and 9). Furthermore, we found no leaching of the active
species during working conditions, as confirmed by elemental
analysis (ICP-OES) in H,SO, (1 M) mother liquor after the corre-
sponding 2 h electrolysis (Supplementary Table 1). Only low con-
tents of counter-cations were detected for Cs[Co-POM],
corresponding to atotal loss of ~30% of the initial caesium and pot-
assium content. We assigned this leaching to cation exchange by
protons due to the highly acidic media, in good agreement with
the XPS data. Barium leaching was not detected. We also carried
out ICP-OES analysis of several fractions of the recovered catalyst
(Supplementary Table 2). Although the carbon/binder content
makes it difficult to obtain good-quality data, the results yielded
consistent P/Co/W ratios for the used catalysts.

Long-term stability. The possibility to work at low overpotentials is
essential for an energy-efficient power-to-fuels platform, because
the extra potential needed to run the reaction represents a major
energy loss. The excellent energy efficiency offered by our Ba[Co-
POM] catalyst is also matched by good long-term catalytic
stability. This was confirmed by chronoamperometric assays at
n=250 mV (Fig. 3a). For these experiments the electrodes were
covered with a Nafion layer and with a frit to avoid fragmentation
of the CP electrodes, which are mechanically unstable and tend to
be expelled from the electrode pocket into the solution. The Ba
[Co-POM]/CP electrodes showed a very high initial current
density of >2 mA cm™. This current slowly decreases for the first
hours to reach a stable current of ~0.36 mA cm™ (t = 4 h), which
is maintained for over 24 h without further significant changes
(~0.35mA cm™? at t=24h), except those due to gas bubbles
formation and diffusion. We assigned the initial decay to charge
localization processes. We carried out an analogous experiment
including periodic 20 min stops after each hour of electrolysis. In
this case, the initial current density curve was identical in
successive cycles (Fig. 3a and Supplementary Fig. 10). This result
is not compatible with catalyst deactivation. The most plausible
explanation is an increase in the resistance of the blend due to
charge localization, what reduces the overall current density. At
open-circuit potential, charges delocalize back to the initial state.
The stable current density values demonstrated for over one day
by the Ba[Co-POM]/CP electrodes are unique among catalysts in
the same conditions for the same catalyst weight (Fig. 3b). For the
sake of comparison, we included IrO,, Cos0, and also two of the
most  efficient catalysts in alkaline and neutral conditions:
NigoFeq 10y (NiFe)'? and CoPi?. Obviously, none of these catalysts
was optimized for our working conditions, but these experiments
were worth conducting to further assess the distinct behaviour of
the POMs. Only the CoPy/CP initially showed a current density
close to that of Ba[Co-POM]/CP (in the first hours), but continuous
and irreversible deactivation brought its activity down to the level of
the NiFe/CP. After 24 h, Ba[Co-POM]/CP promoted current den-
sities three times higher than NiFe/CP and CoPy/CP, four times
higher than Co;0,/CP, and ten times higher than IrO,/CP, even

when containing a much lower total number of active sites, as dis-
cussed above. If we normalize the corresponding activity to the
total metal content, the electrocatalytic activity of Ba[Co-POM]/
CP is six times better than Cs[Co-POM]/CP and thirty times
better than any other oxide (Fig. 3c), indicating a much faster turn-
over frequency per active site. In terms of oxygen evolution, Ba[Co-
POM]/CP produces a total of 47 TON, clearly superior to the other
catalysts: 8 (Cs[Co-POM]), 0.3 (CoP;) or 0.1 (IrO,).

At higher current densities (10 mA cm™2), Ba[Co-POM]/CP still
offers better performance (Supplementary Fig. 13), although the
instability of the CP electrodes, as mentioned above, did not allow
us to extend these studies for longer periods. Indeed, CP is suitable
for fundamental studies, but it is not stable under OER conditions.
Before the CP electrodes break down, after ~20 min, Ba[Co-POM]/
CP is still competitive with 1rO, , suggesting the viability of this
catalyst even at relatively high currents.

Conclusion

Oxygen evolution in strongly acidic conditions with earth-abundant
catalysts is currently a major technological challenge. Our results
show the excellent and unparalleled performance of Ba[Co-POM]
for electrocatalytic water oxidation under these conditions. The sig-
nificant influence of barium dications in the activity of the
[Co-POM], when compared with the Cs* derivative, suggests that
this strategy could also be useful in enhancing the performance of
other water oxidation catalysts. POMs offer an intrinsic advantage
in this regard, because their polyanionic nature makes it easy to
selectively incorporate the desired ancillary counter-cations close
to their active sites, without structurally or chemically affecting
their appropriate environment.

We also need to highlight the non-innocent role of the CP com-
ponent. Part of the better performance of the Co-POM/CP electrodes
could arise from a better matching between the CP support and the
Co-POM catalysts when compared with IrO,. Indeed, an overall
hydrophobic environment is known to enhance POM redox activity
and stability**45. According to our data, this also happens to be true
for oxides, because the OER activity of the Co;0,/CP, CoP;/CP and
NiFe/CP electrodes is clearly superior to what has typically been
reported for these oxides in acid. This suggests that the use of an insu-
lating hydrocarbon binder and an appropriate conducting support
could extend the use of classic metal oxides into acidic media OER
catalysis. Such corrosion-protecting strategies have already been
suggested by Schaak and co-authors?. Therefore, tuning the hydro-
phobic/hydrophilic  character of composite electrodes may open
fascinating opportunities for low-cost acid water electrolysis.

Methods

Synthesis. Materials and detailed methods are further described in the
Supplementary Information. NagKg[Cog(H20)s(OH)3(HPO4)2(PWg034)3]-XxH,0
(1) was obtained following a method described in the literature®®, Cs;sK
[COg(HzO)s(OH)g(HPOA)z(PWgO34)3]'28H20 (CS[CO-POM]) and
Bag[Cog(H20)6(OH)3(HPO4)2(PWyO34)3]-55H,0 (Ba[Co-POM]) were prepared
by metathesis with an excess of CsCl or BaCl,. The presence of the
[Coo(H20)s(OH)3(HPO4)2(PWoO34)3]** anion in Cs[Co-POM] and Ba[Co-POM]
was confirmed by its signature infrared spectra (Supplementary Fig. 8). In POM
chemistry, the infrared bands represent a reliable fingerprint for the molecular
structure. Cation content was estimated by ICP-OES and energy-dispersive X-ray
spectroscopy (EDX). Water content was determined by thermogravimetric analysis
(TGA) (Supplementary Figs 11 and 12). Cs[Co-POM].28H,0 M,,=10,107.15.
Elemental analyses, Calc.: Cs, 19.73; K, 0.40; Co, 5.25; P, 1.53; W, 49,11. Exp.: Cs,
19.51; K, 0.52; Co, 5.40; P, 1.39; W, 49.30. Ba[Co-POM].55H,0 M,, =9659.40.
Elemental analyses, Calc.: Ba, 11.37; K, 0.00; Co, 5.49; P, 1.60; W, 51.39. Exp.: Ba,
11.51; K, <0.1; Co, 5.35; P, 1.58; W, 51.06.

Electrochemistry. Electrochemical experiments were performed with a Biologic SP-
150 potentiostat. Ohmic drop was compensated using the positive feedback
compensation implemented in the instrument. All experiments were performed
with a three-electrode configuration using H,SO, (1 M) as electrolyte solution,
employing a platinum mesh counter electrode, a Ag/AgCl (KCI 3.5 M) reference
electrode and a CP working electrode (surface area=0.07 cm?). The CP mixtures



were prepared in a mortar by mixing amorphous CP and the desired material in the
corresponding ratio by weight. This modified CP mixture was used to fill the CP
electrode. Bulk water electrolysis and LSV were performed with an ALS RRDE-3A
set-up, using a CP rotating disk electrode (surface area = 0.07 cm?) at 1,600 and
500 r.p.m., respectively. All LSV experiments were carried out with a 1 mV s~ scan
rate. Steady-state current data for Tafel analyses were obtained after the needed
waiting time for stabilization of the current at each overpotential (at least 10 min) in
an H-cell. For long-term electrolysis (over 1 h) the CP pocket was covered with a
Nafion ink (4 ul at 5%) and with a glass frit (PO, 1 mm thick) on top to avoid
mechanical losses of the CP into the solution.

Oxygen evolution was detected with an Ocean Optics NeoFOX oxygen sensing
system equipped with a FOXY probe. The FOXY probe was calibrated with a two
point calibration, fixing 0% O, under N flow and 20.9% O, in air. The experiments
were carried out in an H-cell, with the anode and cathode compartments separated
by a porous frit. The FOXY probe was inserted into the gas space of the anodic
compartment (Vcas space ~ 4.9 ml). The solution was completely deaerated by
purging with N before starting the experiment, for at least 1 h. N, flow was removed
and a base line of 10 min was recorded before starting the chronoamperometry. The
mols of O, generated during the electrochemical experiment were calculated with
the following equation, considering ideal gas behaviour:

- %0, - ProraL - Veasseace
02 100xRxT

where %0; is given by the FOXY probe, ProraL is 1 atm, Vgas space (litres) is
measured for each experiment, R is 0.082 (atm I/K mol) and T is 298 K. The faradaic
oxygen production curve was calculated taking into account the charge data from the
chronoamperometry experiment as described in the following equation:

Q
F

Ny, = m
where Q (C) is the charge passed through the system, n. =4 is the number of
electrons needed to generate one molecule of O,, and F is the Faraday constant
(96,485 C mol™).

pH was measured for each experiment using an 877 Titrino Plus pH-probe
(Metrohm), calibrated weekly. The pH value was used to calculate the
thermodynamic water oxidation potential (EE,ZO,OZ) using the Nerst equation:

E%, 010, = 1.229 - 0.059 pH(V) vs NHE at 25 °C

The overpotential n was calculated by subtracting the thermodynamic water
oxidation potential to the applied potential Eqpp:

- _ 0
n= Eapp EHZO/OZ

All potentials were converted to the NHE reference scale using Enne = Eagiager +
0.205 (V). All current densities were calculated based on the geometrical surface area
of the electrodes. Onset potentials in Table 1 were estimated from the intersection
point between the tangent lines of the Faradaic (above j = 0.2 mA cm™) and non-
Faradaic (below n=-0.1V) currents (Supplementary Fig. 1)

Recovery of the catalysts. After electrochemical experiments, the POM/CP blend
(40 mg) was suspended in acetone (30 ml) and sonicated for 5 min. The supernatant
liquid (containing carbon black and the organic oil binder) was decanted, retaining
the POM catalyst in the beaker. This procedure was repeated 10 times to obtain a
clean catalyst sample. The supernatant fraction was also collected for additional
analysis (Supplementary Table 2).

Data availability. Additional methods and materials characterization are available
in the Supplementary Information. Supplementary figures include electrochemical
(Supplementary Figs 1, 2, 10 and 13), oxygen evolution (Supplementary Figs 3 and
4), Raman spectroscopy (Supplementary Fig. 5), XPS (Supplementary Figs 6 and 7),
infrared spectroscopy (Supplementary Fig. 8), powder X-ray diffraction
(Supplementary Figs 9 and 10) and thermogravimetry (Supplementary Figs 11 and
12) data. Supplementary tables include elemental analyses (Supplementary Tables 1
and 2) and TON estimations (Supplementary Tables 3 and 4).
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