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ABSTRACT: The lack of an efficient, robust, and
inexpensive water oxidation catalyst (WOC) is arguably
the biggest challenge for the technological development of
artificial photosynthesis devices. Here we report the
catalytic activity found in a cobalt hexacyanoferrate
(CoHCEF) Prussian blue-type coordination polymer. This
material is competitive with state-of-the-art metal oxides
and exhibits an unparalleled long-term stability at neutral
pH and ambient conditions, maintaining constant catalytic
rates for weeks. In addition to its remarkable catalytic
activity, CoHCF adds the typical properties of molecule-
based materials: transparency to visible light, porosity,
flexibility, processability, and low density. Such features
make CoHCF a promising WOC candidate for advance-
ment in solar fuels production.

ago as a pigment. In the crystal structure, two octahedral metal
centers are bound through cyanide bridges to construct a face-
centered cubic unit cell (Figure 1).** MHCMs are known for

Figure 1. (Left) Representation of a cubic Prussian blue-type structure
(transition metal, yellow/red; C, black; N, blue; interstitial open sites,
purple). (Right) SEM image of a CoHCF-modified FTO electrode.

Water splitting is a general chemical problem and a crucial
step in the development of artificial photosynthesis.
Two catalysts are needed, one for the oxidation of water into
O,, and another one for the reduction of protons to H,. Water
oxidation catalysis remains the biggest challenge because of its
high kinetic barrier and high oxidation potential (eq 1), and the

2H,0 - O, + 4H" + 47,
E = +1.229 — 0.059(pH) V vs NHE at 25°C (1)

number of electrons involved. A cost-efficient catalyst able to
work at low overpotential for optimized energy conversion will
also need to be stable to air, light, water, heat, and oxidative
deactivation. Many research groups are currently working on
homogeneous and heterogeneous water oxidation catalysts
(WOCs), looking for fast, stable, and inexpensive candi-
dates.

Heterogeneous catalysts have the advantage of higher
stability and easier implementation into devices. In this field,
only transition metal oxides appear as viable candidates,*”” with
the state-of-the-art defined by highly active cobalt oxide
films.'°"%* In the search for WOC activity in other solid-state
structural types, we turned our attention to cyanide-bridged
coordination polymers.

Transition metal hexacyanometallates (MHCMS)23 are
isostructural to the original Prussian blue, the all-iron
Fe'",[Fe"(CN)];:«H,O derivative discovered over 300 years
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many combinations of transition metal jons in multiple
oxidation states. They are also highly porous and incorporate
interstitial solvent molecules and alkali metal ions. Despite their
rigid structure, these coordination polymers are usually non-
stoichiometric because different non-integer ratios can be
accommodated. This chemical variety makes them a versatile
type of molecule-based materials. Indeed, after decades of
MHCM chemistry, they are still the subject of frontier research
in very different fields.”> >* Here we report the water oxidation
catalytic activity found in Prussian blue-type cobalt hexacyano-
ferrate (CoHCF)-modified electrodes.

CoHCF was prepared on fluoride-doped tin oxide (FTO)-
coated glass electrodes following a well-established electro-
chemical method (Supporting Information (SI)).>*~** First we
plated the FTO electrode with metallic cobalt by applying a
reduction potential to a CoCl,/water solution. The Prussian
blue film was then obtained by applying a positive potential
(0.5 V vs NHE) to these electrodes in a solution containing
hexacyanoferrate(IIl). During derivatization, CoHCF crystal-
lites deposit on the electrode. No residues of metallic cobalt
remain at this stage, as confirmed by the absence of any sign of
the corresponding oxidation wave (Figure S1).

The surface of the CoHCF-coated electrodes is highly
transparent (Figure S2). Following this procedure, the
stoichiometry of the films is reproducible: K, Co(,_,)[Fe-
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(CN)4] (0.85 < x < 0.95), as confirmed by energy-dispersive X-
ray (EDX) analysis (Figure S4 and Table S1). The UV—vis
spectra, with the light beam passing through the glass substrate,
show a minimum transmittance of 70% in the 400—900 nm
region without significant absorption bands (Figure S3a). The
IR spectra show one single band in the cyanide stretch region at
2076 cm™' (Figure S3b), characteristic of Fe''—CN—Co"
bridges.** These are the two stable redox states at the
derivatization potential. The morphology of the electrode
surface consists of an agglomerate of cubic-shaped crystallites
with maximum edges up to 0.25 um (Figure 1). X-ray powder
diffraction of these crystallites shows the typical pattern of a
Prussian blue structure (Figure 2).>> The diffraction peaks are
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Figure 2. X-ray diffraction patterns for crystallites from a CoHCF-
modified FTO electrode before (black line) and after a 5 h bulk water
electrolysis (blue line).

broad due to the small particle size, and their indexation leads
to a face-centered cubic unit cell parameter a = 10.08 + 0.05 A.
All experiments reported here were performed with at least
three CoHCF-modified electrodes, and consistent results were
found.

Cyclic voltammetry of these CoHCF-modified electrodes in
50 mM potassium phosphate (KP;) electrolyte at neutral pH
(Figure 3a) shows a quasi-reversible redox couple with the
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Figure 3. (a) Cyclic voltammagram of a CoHCF-modified FTO
electrode in SO mM KPi electrolyte at pH 7.0 (red line) with a SO mV/
s sweep rate. Profile for a pristine FTO electrode (black line). Inset:
Detail of the 0.2—1.4 V range with a 100 mV/s sweep rate. (b) Tafel
plot of the steady current density and estimated TOF at neutral pH.
Calculated slope = 88 mV/decade.

oxidation peak at 1.04 V and the reduction peak at 0.87 V vs
NHE (E,;, = 096 V, E. — E, = 170 mV). This one-electron
process can be assigned to the Co''Fe'—Co''Fe! couple.36 At
higher oxidation potentials, a characteristic catalytic water
oxidation wave appears.

Steady current density (j) was measured at different applied
potentials in a two-compartment cell with a glass frit separation
in a well-stirred neutral KP; (S0 mM) water solution containing
KNO; (1 M) as electrolyte. Significant current was detected

above 1.10 V (NHE). The Tafel plot (Figure 3b) that relates
catalytic current and overpotential (77) shows linear behavior for
intermediate potentials, with slopes in the 85—95 mV/decade
range, confirming the catalytic process. The lower limit catalytic
rates for these CoHCF-modified electrodes can be estimated by
calculating the total number of redox-active sites from the cyclic
voltammetry data (SI). The coverage of redox-active Co centers
on the electrode is I'y = 1.4 + 0.2 nmol/cm?, as extracted from
the linear relationship between the peak current of the Co™'/
Co" reduction wave and scan rate (Figure S3). This is an upper
limit to the real number of catalytic sites, since heterogeneous
catalysis should occur only on the surface of the crystallites,
whereas the bulk material is electroactive. With these coverage
numbers applied to the linear Tafel region, the turnover
frequency (TOF) shows values between 2 X 107 s™" at 57 = 300
mV and 0.5 s™! at 550 mV.

We carried out bulk water electrolysis in the same
experimental conditions (Figure 4). After a short induction
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Figure 4. (a) Current profile during water electrolysis at 1.41 V (vs
NHE) at pH 7.0 of a CoHCF-modified electrode. (b) Catalytic oxygen
evolution (black) during bulk electrolysis and theoretical O, assuming
Faradaic behavior (red). Black arrow indicates the termination of
electrolysis.

period due to capacitance (Figure S6), j decreases slowly to
reach a stable regime at 35—40% of the initial catalytic current
after one day. This deactivation occurs only in brand new
electrodes, and it is probably due to the mechanical loss of
poorly attached crystallites. Catalytic deactivation would be a
monotonic process, and it should continue at a constant pace.
However, the stable catalytic current persists in the long term,
without any further sign of deterioration. Successive
electrolyses in new buffer solutions reach consistent stable
currents right after capacitance (Figure 4), and j follows a very
slow deactivation rate of <3% per day, probably due to changes
in pH. We calculated the number of redox-active sites on a
modified electrode at this stage and found I' = 0.30 + 0.06
nmol/cm?, consistent with the evolution of the catalytic
current. For example, we can estimate a persistent TOF = 0.7
s~ under an applied potential of 1.41 V (vs NHE) taking into
account final coverage, in very good agreement with the initial
TOF = 0.9 s7\.

The efficiency of the process is quantitative. O, evolution,
quantified with a fluorescence probe, matches the theoretical
amount calculated from Faraday’s law (Figure 4b) for a 4e”
redox process. This confirms that no competing redox reactions
are taking place, and that j is quantitative for oxygen
production. Thus, a constant daily production at over 60 000
cycles can be reached by this catalyst, 5000 L of O, per day, per
gram of CoHCEF catalyst, at neutral pH and ambient conditions.

We can derive some comparisons between the activity of
CoHCF and cobalt oxides,”” arguably the best heterogeneous
WOCs reported to date. A TOF = 2.6 X 107 s™" was reported
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for a cobalt oxide film at pH 7 and # = 410 mV. Our CoHCF
catalyst exhibits already the same TOF at just # = 305 mV. Of
course, this comparison is quite rough because of the very
different morphology of the films. In both cases TOF is referred
to bulk content, and a different surface-to-bulk ratio would
significantly affect the results. Still, our data show that CoHCF
is at least competitive in kinetic terms with respect to the oxide
counterparts. However, the reported maximum current
densities for oxides are higher. We rationalize this because of
the higher surface coverage. CoO, films reach 1 mA/cm? just
above 410 mV, but with loadings in the pumol/cm? range,
whereas I is below 0.5 nmol/cm? in the CoHCF films. We can
estimate that 1 mA would be reached at just 400 mV
overpotential with CoHCF coverages about 2.5 nmol/cm®

The participation of any adventitious cobalt oxide on the
CoHCF-modified electrodes can be ruled out for several
reasons according to experimental evidence. The films exhibit
all the expected features of a Prussian blue material, including
spectroscopic and crystallographic data. Cobalt oxide cannot
form at the derivatization potential, since a higher potential is
needed for Co oxide formation.>” No metallic cobalt remains
on the electrode after derivatization, as confirmed by cyclic and
differential pulse voltammetry (Figure S1). Current intensity
does not increase during water electrolysis, and this also
discards the in situ hypothetical formation of a more active
catalyst.>® The distinct Tafel slope of COHCF when compared
with Co oxides also suggests a different catalytic mechanism.
Finally, the apparently faster catalytic activity found for CoOHCF
indicates that major oxide contamination would be needed to
match these results, and this is inconsistent with all the
structural, spectroscopic, and electrochemical data.

After bulk water electrolysis, the CoHCF electrodes have
lower density of crystallites, which now show rounded edges
(Figure S4). EDX analysis indicates that the Fe/Co ratio
remains unchanged, and no traces of phosphate appear. CoO,
films incorporate phosphate from solution during water
oxidation, in a self-repairing process.'" Therefore, the absence
of a P absorbance peak is another experimental indication of no
oxide participation. The X-ray powder diffraction pattern shows
good crystallinity and only two small differences. The
diffraction peaks are displaced to higher angles, leading to a
smaller unit cell @ = 9.90 + 0.05 A, and the reflection (220) has
decreased its relative intensity (Figure 2). Both can be
attributed to the oxidation of CoHCF. Co™ centers possess
smaller radii, and their presence requires the loss of interstitial
potassium cations that scatter in-phase with the reflection
(220).%° In its oxidized state, the electrodes show purple color
(Figure S2), and the IR spectrum shows two bands in the
cyanide stretch region (Figure S2) at 2076 and 2125 cm™, the
latter assigned to the Fel!'=CN—Co™ bridge.*® The original
color is recovered by reduction at the derivatization potential,
and the same catalytic performance is exhibited by the oxidized
and reduced forms.

In summary, metallic hexacyanometallates represent a novel
class of heterogeneous water oxidation catalysts. Cobalt
hexacyanoferrate shows very promising features: it is formed
from Earth-abundant metal ions in aqueous solution; it works
at neutral pH and ambient conditions; it is robust in turnover
conditions; and it is fast enough to compete with state-of-the-
art cobalt oxides. Our data demonstrate how a CoHCEF-
modified electrode works for days, and probably weeks,
maintaining constant rates without significant fatigue. At the
same time, CoHCF offers the additional advantages of

molecule-based materials, not commonly associated with
metal oxides: well-defined crystal structure, low density,
flexibility, easy processability, and transparency to visible light.
The latter is due to the localized electronic structure of
coordination polymers (insulators), and this could be of
particular interest for its incorporation in light-harvesting
devices. Although total current densities are low for the
required technological targets, this should be easily overcome
by increasing surface coverage. Higher loadings can be reached
by improved processing on more compatible electrode surfaces
or as amorphous films. This is currently under study.
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