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Tuning Electronic Properties of Prussian Blue Analogues for
Efficient Water Oxidation Electrocatalysis: Experimental and

Computational Studies

Elif Pinar Alsag, @ Emine Ulker, ' Satya Vijaya Kumar Nune, ® Yavuz Dede, * Ferdi Karadas!® [ *

Abstract: While several Prussian blue analogues (PBAs) have been
investigated as water oxidation catalysts, the field lacks a
comprehensive study that focuses on the design of the ideal PBA for
efficient water oxidation catalysis. Herein, a series of PBAs with
different cyanide precursors were investigated to study the effect of
hexacyanometal group to their electrocatalytic water oxidation
activities.  Cyclic ~ voltammetric,  chronoamperometric,  and
chronopotentiometric measurements reveal the close relation
between the electron density of electroactive cobalt sites and
electrocatalytic activity, which is also confirmed by Infrared and XPS
studies. pH dependent cyclic voltammetry and computational studies
were also performed to gain insight about the catalytic mechanism
and electronic structure of cyanide-based systems to identify
possible intermediates and to assign the rate-determining step of the
target process.

Introduction

Increase in energy demand has forwarded scientific community,
particularly in the last two decades, to find alternative energy
sources that will replace limited fossil-based fuels.™¥ Since solar
energy that utilizes the production of H, from water has been
one of the most promising candidates among sustainable
sources of energy, much effort has recently been devoted to
investigate efficient methods to split water.” Since water
splitting process is mostly limited by the high overpotential of
oxygen evolution reaction (OER), many studies have been
performed to introduce novel catalysts that operate at low
overpotentials.® Many inorganic systems including metal
oxides,® ™ perovskites,***® amorphous materials,*® noble-
metal based materials,’"*® and metal organic frameworks
(MOFs)**2% have been investigated as WOCs. Of these, cobalt
oxides stand forward due to their high catalytic activities.?"??
Despite their high catalytic activities, cobalt oxides have mainly
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two disadvantages;?*?¥ i) low stability and high tendency to
decompose in acidic medium, ii) difficulty in correlation of the
catalytic activities with structure due to their amorphous nature.
Non-oxide materials have also drawn attention as WOCs due to
their favorable characteristics such as ease of preparation,
stability at a wide range of pH, and robustness during catalytic
processes.”™ Patzke et al. reported a carbodiimide-based
material that could be used as a WOC, which is stable in acidic
and neutral media.”® A similar class of materials, metal
dicyanamides, has also shown to be promising candidates for
water oxidation electrocatalysis.?”? Cobalt hexacyanoferrates,
members of Prussian blue analogue (PBA) family, are also
exceptional candidates for electrocatalytic water oxidation due to
their high catalytic activities, robustness, and stability at neutral
pH.28% A further study by Patzke et al. showed that PBAs can
also be used for light driven water oxidation process in the
presence of [Ru(bpy)s]*>* as a chromophore.® Despite their high
turnover frequencies (TOFs), one of the main drawbacks of
cyanide-based systems is their low concentration of
electroactive cobalt sites. Their low concentration is attributed to
the relatively larger distances between Co(ll) sites (~10 A)
compared to oxide-based systems (~3 A).”®! This problem has
recently been overcome by our group with the use of a novel
pentacyanoferrate-bound polymer as a precursor for Co-Fe
PBAs, which resulted in a dramatic decrease in the crystallinities
of PBAs, and thus, a significant increase in the surface
concentration.® Galan-Mascaros et al. approached the same
problem by using a new synthetic method for the preparation of
thin films of PBAs, which involves chemical etching of cobalt
oxides with a hexacyanoferrate solution to form an in situ PBA
film. This novel method led to an impressive improvement on the
stability of the electrode and electrocatalytic performance in a
wide range of pH. It exhibits a much lower overpotential (510
mV) to obtain a current density of 1 mA cm 2. In addition,
Fukuzumi et al. investigated the photocatalytic water oxidation
performances of a series of Co-Pt PBAs in the presence of well-
defined Ru(bpy)s®'/S;0s> couple. The systematic study
performed with [Co(CN)e]*” and [Pt(CN)s]*” groups in different
stoichiometric ratios clearly showed that number of active sites
is highly dependent on the number of defects.***! Fukuzumi
and coworkers also studied the effect of counter cation to the
catalytic activity and quantum efficiency displayed by Co-Co
PBAs in photocatalytic water oxidation process showing that a
quantum efficiency of 200% can be achieved with Co-Co PBAs
incorporating calcium ions as counter cations.*® Previous
studies mentioned above clearly show that slight modifications
in the structure of PBAs could lead to a significant increase in
their catalytic activities. Although previous studies took
advantage of rich and well-established cyanide chemistry no
study has been performed to investigate the effect of
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hexacyanometal unit to the electronic properties and catalytic
performance of electroactive cobalt sites. Herein, electrocatalytic
measurements on a series of cobalt hexacyanometalates
(CHCMSs) incorporating different M(CN)s units (M = Co", Cr",
Fe'"" and) together with characterization studies were
performed to investigate the effect of the type and oxidation
state of the metal in M(CN)s unit to the catalytic activity of PBAs.
The effect of hexacyanometal group to the electronic properties
of electroactive cobalt site was further examined with electronic
structure calculations employing Density Functional Theory
(DFT).[37'38]

Results and Discussion

Electrochemistry

All the electrochemical experiments were conducted with a PBA
modified fluorine-doped tin oxide (FTO) electrode. Cyclic
Voltammograms (CVs) of Co[M(CN)g] (M:Co", Cr", and Fe"")
were taken in a phosphate buffer with 1 M KNOj3; as the
electrolyte in a 0.2-1.7 V vs. NHE potential range (Figure 1).
[Co"-Co" exhibits a quasi-reversible redox couple with an
oxidation peak at 1.210 V and a reduction one at 1.031 V vs.
NHE that can be assigned to Co*’Co® redox couple. A similar
redox couple was observed also for other PBAs. Another peak,
at a more positive potential, is observed at around 1.415 V vs.
NHE for [Co"-C0o"], which can be assigned to Co®*/Co*" redox
process.’” Tafel plots of each catalyst were obtained by
performing chronoamperometry measurements at different
applied potentials to further investigate their electrocatalytic
performances. A linear trend was obtained between the
logarithm of the steady state current densities and in an
overpotential range of 283-483 mV with Tafel slopes in 90-130
mV dec™ range (Figure 2). Tafel slopes obtained with [Co"-Fe"]
and [Co"-Fe"] are slightly higher than those reported previously
by Galan- Mascaros et al.”®3 The difference is mainly attributed
to different preparation methods since PBA modified electrodes
prepared via an in situ method exhibit lower Tafel slopes (~ 90
mV dec?) compared to those prepared with drop casting.?*%2
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Figure 1. Cyclic Voltammograms of PB derivatives ([Co"-Co"] black, [Co"-Cr'"]
red, [Co"-Fe"] blue, and [Co"-Fe"] green lines) in 50 mM KPi electrolyte at pH
7 with 50 mv sec™ sweep rate. The gray line indicates the electrochemical
response of blank electrode.
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Similarity in the Tafel slopes indicates similar OER mechanisms.
According to chronoamperometric measurements onset
overpotentials of 283, 303, 323, and 343 mVs are obtained,
respectively, for [Co"-Co"], [Co"-Cr'"], [Co"-Fe"], and [Co"-Fe"],
which are in line with cyclic voltammetric studies (Figure S1).
Surface coverage of the electroactive Co®* species on FTO
electrode i.e., surface concentration, was determined by
performing CVs at different scan rates (25-225 mV sec™ range)
recorded in the 0.8-1.6 V range. Surface concentration of
derivatives were obtained in the 2-5 nmol cm™ range, which is
in good agreement with the previously reported studies (Figure
SZ).[28'32]
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Figure 2. Tafel plots for PB derivatives from 1.1 to 1.4 V vs NHE recorded in a
50 mM KPi buffer at Ph 7.0.

Surface concentration was used to assess turnover frequencies
(TOFs) of PBAs. TOFs at an overpotential of 400 mV were
obtained as 5.0x107 s™', 3.0x107° s™, 4.4x107° s™, and
5.0x107 s for [Co"-C0"], [Co"-Fe"], [Co"-Fe"], and [Co"-Cr"]
(Figure S3). A comparison of TOFs, thus, shows that Co(ll) sites
available in [Co"-Co" exhibit the highest catalytic activity.
Chronopotentiometry (CP) has been performed to monitor the
overpotential required to obtain a current density of 1 mA cm™
during a 2h experiment. The overpotential for [Co"-Co",
decreases slightly at first and then maintains a constant
overpotential while it increases gradually until stabilization for
other PBAs. The observed overpotentials for 1 mA cm™ are
slightly higher than the ones extracted from Tafel slopes due to
the formation of O, bubbles on the electrode surface during the
measurement. CP studies show that [Co"-Co"] exhibits the
lowest overpotential and nima is determined to be 531, 578, 661,
and 692 mVs for [Co"-Co"], [Co"-Cr'"], [Co"-Fe"], and [Co"-Fe"],
respectively (Figure 3).
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Table 1. Summary of electrochemical properties for PBAs
Compound Co*P** V (CN) TOF Surface Nima Tafel Slope N1ma Nonset
(mV) (cm™) (n=400mV)  Concentration from Tafel (mV dec™) from CP cv)
(nmol cm™) Plot (mV) (mV)
[Co"-Ca"] 1.010 2176 5.0x1072 4.11 531 99 565 283
[Co"-cr"] 1.084 2173 5.0x107° 3.90 578 96 598 303
[Co"-Fe"] 1.084 2120 4.4x107° 5.48 661 127 717 323
[Co"-Fe"] 0.995 2072 3.0x107° 2.00 692 121 1079 343
11t Our characterization studies, which will be discussed in the
following section also suggest that the decomposition occurs
[Co"-Fe"] only during long-term electrolysis studies (longer than 10 h).
1000 - Furthermore, a similar electrolysis study equipped with an O,
probe has been performed with [Co"-Co"] to
> investigate the origin of current density and Faradaic efficiency.
é 900+ The perfect match between the theoretical yield obtained from
.3 chronocoulometry measurement and the experimental one
S 8004 obtained from O, probe indicates that the only origin of current
° [Co"-Fe"] density is catalytic water oxidation to O, evolution process and
i ——— there are no competing redox reactions (Figure S5).
5 700 4
e Characterization Studies
[Co'-CrT]
600 ) ) )
All samples are isostructural with Prussian Blue crystal structure
[€o"-Co™ adopting face-centered cubic structure (fcc) with Fm3m space
0 10'00 20'00 30'00 40'00 50‘00 60'00 7060 group as confirmed by powder XRD studies. The characteristic

Time (s)
Figure 3. Chronopotentiometry measurement of PB derivatives at 1 mA cm?
in a 50 mM KPi buffer at pH 7.0

Long term chronoamperometric studies at an applied potential of
1.4 V vs NHE were performed to investigate the stability of the
PBA modified electrodes. The current density for each catalyst
decreases until it reaches a constant value as previously
reported by our group and Galan-Mascarés et al.?8*

The same trend can be obtained for four repeating cycles and
the close similarity of cyclic voltammetric profiles obtained after
each cycle indicates that catalysts retain their structure even
during long term catalytic processes (Figure S4). An interesting
anomaly is observed only for [Co"-Cr'"] where a decrease in
current density is obtained as usual followed by an abrupt
increase after around 10 hours. A comparison of the CVs
obtained before and after a 24 h electrolysis experiment
indicates a significant increase in the onset overpotential and
catalytic current density, which could be attributed to the

decomposition of [Co"-Cr"] to a more catalytically active species.

2theta (26) peaks for Prussian Blue have been observed for all
of the materials (Figure S6) and lattice parameter was
determined to be around 10 A for each derivative (Table S1).
XRD analysis in gracing incidence mode was also performed on
the catalysts deposited on FTO before (pristine) and after (post-
catalytic) the electrocatalytic studies to investigate the structural
stability of catalyst during electrocatalysis. No additional peaks
were observed in the XRD of post-catalytic samples and the
peaks corresponding to Prussian Blue type structure remain
confirming the stability of catalysts (Figure 4). The atomic ratio of
metals in each compound was extracted by EDX analysis (Table
S2). The following molecular formulae were obtained based on
stoichiometric  ratio  of  metals: Ko.76C02.62[CO(CN)g]2,
Ko.32C02.59[Cl’"I(CN)s]z, K0A62C02A69[Fem(CN)e]z, and
K1.40C0330[Fe"(CN)g]2 for [Ca"-Ca"], [Ca"-Cr"], [Cao"-Fe"], and
[Co"-Fe"], respectively. Each compound has similar potassium
content in the 0.6-0.8 range, which results in an average of ~4.5
CN groups per Co(ll) sites. The remaining coordination sphere
of Co(ll) sites are occupied by water molecules, which play
active role in water oxidation (Figure S7).
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Figure 4. GI- XRD patterns of PB derivatives for pristine (black lines) and post
catalytic (red lines). The peaks that belong to FTO electrode are marked with
triangle (A) and the peaks belong to Prussian Blue are marked with asterisk

)

Infrared studies show that PBAs exhibit the characteristic bands
that are observed for Prussian blue type systems; a) a sharp
band at around 1610 cm™ and a broad one at 3200-3500 cm™,
which represent H-OH bending and OH stretch, respectively, b)
a sharp peak at around 490-590 cm™ due to M-C stretch, and c)
a sharp stretch at around 2120—-2180 cm™ that is attributed to
CN stretch (Table S3). PBAs exhibit higher CN stretching
frequencies compared to their hexacyanometal precursors,
which confirm the binding of nitrogen atoms of cyanide to Co(ll)
sites?®4% (Figure S8). The Infrared analysis was also performed
on the post-catalytic samples. The close similarity between the
infrared spectra of cyanide stretches of pristine and post
catalytic samples suggests that catalysts M-CN-Co" type
coordination mode is preserved during electrolysis (Figure S9).
A slight shift to higher frequencies observed in post-catalytic
[Co"-Fe"], which was observed also in previous studies, can be
attributed to the partial oxidation of iron ions from +2 to +3
during electrocatalysis.

XPS studies also confirm the remarkable stability of PB
electrocatalysts. In order to investigate the oxidation state of
electroactive Co" sites in pristine and post catalytic electrodes
Co2p signal was examined in the binding energy region between
810-775 eV. In previous studies the binding energy of Co2ps
and Co2py; signals for Co" salts have been reported as 782.28
and 798.38 eVs, respectively. For the pristine samples, Co2pasz
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and Co2py, signals were observed in the same range. The
similarity between the binding energies of Co2p signals obtained
for pristine PBAs and previously reported Co" salts suggests that
the oxidation state of electroactive Co atoms is +2 (Figure 5). No
significant changes in the Co2ps. and Co2py» signals were
observed in the post catalytic samples indicating the stability of
the Co" sites.

810 805 800 795 790 785 780 77
1 1
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Co2p

Co2p 312

[COII_C rIII]
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Binding Energy (eV)

Figure 5. XPS of Co2p region for pristine (black lines) and post catalytic (red
lines) of PB derivatives

In addition to Co2p, O1s signals were also examined for both
pristine and post catalytic samples (Figure S10). The O1s signal
whose binding energy is higher than 530 eV indicates the
absence of any cobalt oxide species before and after
electrochemical experiments even for [Co"-Cr'"']. The observed
values are displayed in Table S4. A mild noticeable broadening
in the Ols signal in the post catalytic samples, indicating a
partial and reversible oxidation of electroactive Co" sites.

Mechanism for Catalytic Water Oxidation

The CN stretch could be considered as the fingerprint for
cyanide-based coordination compounds. The comparison of the
shift in the cyanide stretch can be used not only to confirm the
bridging cyanide group but also to evaluate the oxidation states,
and thus, electron densities of metal ions. Considering that the
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cyanide stretch shifts to higher frequencies as the oxidation
state of the metal increases a direct correlation can be
established with the shift of the cyanide stretch and the electron
deficiency of Co" centers. The comparison of cyanide stretches
implies that the electron densities of Co" sites in Prussian blue
analogues can be ordered as: [Co"-Co"] ~ [Co"-Cr"| < [Co"-Fe"]
< [Co'"-Fe"] (Figure 6). This result is also in good agreement with
the binding energies of Co2p orbitals obtained by XPS studies.
The ordering of Co 2ps peak is as [Co"-Co"]> [Co"-Cr"]> [Co'-
Fe"> [Co"-Fe'], which points out that Co" sites in [Co"-Co"]
analogue have the lowest electron densities among all. The
evaluation of electron densities can give insight about the rate
determining step (r.d.s.) in water oxidation catalysis. Two steps
haven generally been reported to compete with each other as
the r.d.s. in water oxidation process; i) Co"-OH/Co"-O (oxo) or
Co"-OH/Co"-O- (oxyl) oxidation step and ii) the nucleophilic
attack of water to the electrophilic oxygen atom of oxo/oxyl
species that results in O—O bond formation. The increase in the
electron density of Co" site facilitates the former step while it
decreases the electrophilic nature of oxo-intermediate and, thus,
impedes the latter. The aforementioned discussion on the
comparison of electron densities of Co" sites in PBAs and their
electrocatalytic performances clearly show that [Co"-Co"] stands
out as the most efficient catalyst among PBAs while it has Co"
sites with the lowest electron density. This correlation points out
that the nucleophilic attack of water to

[Co"-Fe"]
2069 cm™!
§ [COII_FeIII]
[:}]
(%]
o
&
g 2120 om™!
E [CO"-Cr'“]
=
2173 cm™!
[Co"-Co™
2176 cm™!
2300 2200 2100 2000 1900

Wavenumber (cm ')

Figure 6. FTIR spectra of PB derivatives that shows cyanide stretches.

oxo/oxyl intermediate is the r.d.s. of water oxidation process for
PBAs. Herein, it should be noted that the electronic properties of
the catalysts will differ when a potential is applied. Catalytically
active cobalt ions will be in their higher oxidation states
particularly when the applied potential is above 1 V vs NHE.
Nevertheless, the difference in the electron density of cobalt ions
should be preserved given that structural integrity of cyanide
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framework is preserved and that metal ion in M(CN)s building
block is not oxidized. While this assumption can be valid with
hexacyanometal groups that contain metal ions in their 3+
oxidation states, Fe?* ion in [Fe(CN)s]* group is expected to be
oxidized when a potential above 1 V is applied.“Y) The oxidation
of all Fe?* ions is, however, a kinetically demanding process
since it requires more potassium ions to be transported from the
framework to the electrolyte due to charge neutrality and, more
importantly, there are not enough potassium ions to produce a
fully-oxidized [Co"-Fe" system. Therefore, the catalytically
active species in [Co"-Fe"] contains a mixture of Fe ions with
oxidation states of 2+ and 3+. The difference in the curvatures of
the bands assigned to Fe?” " and Co*"*" redox processes for
[Co'"-Fe'] and [Co"-Fe™] also indicates different kinetics for these
two analogues (Figure S11). The lower surface concentration
and turnover frequency obtained for [Co"-Fe"] could then be
attributed to the difference in the kinetics of their electron
transfer and their electronic properties.

A further analysis of the mechanism was made based on the
Pourbaix diagram (Figure 7), which was obtained by performing
CVs for [Co"-Co"] at different pHs (Figure S12). The diagram
shows that Co®"/Co®" redox process is pH dependent in the pH
4-10 range with a slope of 64 mV log[H']?, which refers to a
1H"—1e” process.

1.6 T
| [Co-OH]/ [Co"-0-H] !
1.4 : ——
|
| [Co"'-C}HZ]II [Co™-0)/
1.2 : (CoM-OH] [Co"-0-]
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0.4
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Figure 7. Pourbaix Diagram of [Co"-C0"] in KPi buffer at pHs from 2 to 13.
Cyclic Voltammograms that are recorded at these pHs are shown in Figure
(S10).

Interestingly, the half-potential for the second redox step is
preserved regardless of pH (<11), which indicates that a
hydroxyl group is coordinated to the catalytically active Co"-
oxo/Co"-oxyl intermediate at neutral conditions. [NsCo"-OH]
intermediate could undergo deprotonation in subsequent steps
to form cobalt oxo/oxyl complex, followed by the nucleophilic
attack of water to form a peroxo intermediate, which is one of
the essential steps for O-O bond formation. A slightly different
mechanism than the commonly-accepted mechanism for oxides
was, thus, proposed for PBAs. The presence of additional bands
in the CVs obtained above pH 11 suggests that water oxidation
proceeds with a different mechanism in basic conditions.
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Electronic Structure Calculations

In order to gain insight into the different performances of the PB
analogues studied in this work, electronic structure calculations
were performed with DFT.E7%® (See S| for details) It is critical to
understand the reason of rate enhancement through the Fe',
Fe" cr'" and Co" cationic series that are used as the second
metal separated by a cyanide bridge from the catalytically active
Co site.

Oxidation of water would require the PCET steps to afford the
formal Co"—oxo/ Co"-O+ moiety from the substrate bound aqua
center with a +2 formal charge, i.e. Co"(OH;) — Co"(OH) —
Co"(0)/Ca"—(0-). Once the Co"(0) is accessed water attacks
the Co"(0) to afford the O—O bond. This picture is in line with
the existing mechanistic data in the literature.®**? Therefore, the
structural and electronic properties of the Co"(0)/Co"-(O-)
center is the main focus of our quantum chemical calculations. It
is important to note that there are no restrictions on the
distribution of electrons in our calculation, thus formal
assignments of Co"(O) or Co"—(0-) for the Co center are less
comprehensive levels of describing the Co—O bond compared to
the completely delocalized (canonical) orbital picture given by
the quantum chemical calculations.

DFT calculations suggest that the catalytically active Co-O site
is a local quartet and hence hosts three unpaired electrons.
Depending on the nature of the neighbouring metal in a strong
field environment, either one or zero electrons contribute to the
total spin when a bimetallic model is considered as given in
Table S5. The local quartet spin arrangement of the Co" center
is also verified by the spin density analysis as given in Table 2.
Interestingly, the reactive Co" center possesses a large degree
of radical character distributed over the Co—O bond. Such
electronic structure fingerprints of high valent Co moieties were
recently shown to be related to reactivity,**! where a seemingly
Co(IV)=oxo species bearing a mixed electronic structure of the
oxyl/oxo type was reported. In that work, one of us (Y.D.) has
shown that, similar to the case reported in here, the oxo-wall*!
was indeed not broken and the local quartet spin arrangement,
delocalized along the Co—O bond, showed substantial radical
character on oxygen. Overall, a more appropriate electronic
structure assignment for the in situ generated, catalytically
competent, O—O bond forming species is a mixed Co—oxo/oxyl.

CN stretching frequencies (v(CN)) and molecular orbitals were
investigated to enlighten the molecular reasons of catalytic
activity (Table 2).

The calculated trend of v(CN) is in good agreement with
experimental results and show the flow of electron density from
the Co site. More importantly the critical O—O bond formation
step is well understood by analyzing the attack of water to the
Co-0O center. The oxygen lone pairs possessed by water are
seeking empty orbitals on the Co—O center for which the best
candidate is the LUMO. As shown in Table S5, the o* MO
generated from Co_d and O_p contributions is obtained at lower
energies (Erumoin Table 2) through the Fe'", Fe", cr', and Co"
sites. Thus the electron affinity of Co"-O center is increased,
the attack of water became more facile and hence the lower
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overpotentials measured in our electrochemical experiments.
Our quantum chemical calculations thus show that the reactive
Co-oxo/oxyl center possesses a local quartet spin arrangement.
Two of the three quartet spin electrons are distributed over Co
and one over oxygen however all three electrons are better
described to share Co_d and O_p orbitals through the Co-O
bond. The reactivity correlates with obtaining the LUMO, to be
attacked by incoming water, at lower energies as summarized in
Figure 8. Note that the truncated quantum chemical model might
not capture all the structural features of the PB surface yet it is a
good compromise between accuracy and cost. Moreover with
the assistance of the experimental data, the electronic structure
assignment of the active species being ColV(O)/Colll-(O-) could
be made, and hence the model chemistry is useful.

Table 2. Structural and Electronic Properties of the M/Co PBAs Computed at
UMO6L/cc-pVTZ Level of Theory®

[Co™Co™]
RCo-O(A) 1.652
o vCN (cm?) 2195
@ ao f p (0) 122
' ‘ &‘ p (Co™) 1.63
6) ELumo (V) -14.34
[Co™Cr™M
RCo-O(A) 1.654
o vCN (cm™) 2158
’# p () L1.24
/0’ "ﬁ p (Ca™) 162
Ewwvo(eV)  -13.85
1
[Co™Fe™
RCo-O(A) 1.653
vCN (cm™) 2160
) ‘ P (0) 1.23
p (Co") 162
Ewwo(eV)  -12.91
RCo-O(R) 1684
vCN(cm?) 2114
P (0) 1.17
p (Co 2.10
Ewwo(eV)  -11.06

a Surfaces were generated at 0.05 au.
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Conclusions

Previous electrochemical studies on Prussian blue analogues
have shown that having a cobalt site coordinated to nitrogen
atoms of cyanide bridging group is essential to obtain efficient
PBA electrocatalysts for water oxidation. Herein, a series of
cobalt hexacyanometalates with a general formula of
KaC0u[M(CN)s] (M:Ca", Cr", and Fe") have been prepared to
investigate the effect of hexacyanometal group to the
electrocatalytic activity of CHCMs. Tafel analysis and
chronoamperometry experiments reveal that [Co"-Co"] serves
as the most efficient electrocatalyst for water oxidation among
the CHCMs studied. Infrared and XPS studies indicate that it
has the Co(ll) center with the lowest electron density, which is
also confirmed by DFT studies.

Overall, experimental and computational studies lead to the
following conclusions:

i) Electron density of Co®" is a decisive electronic criterion for
achieving efficient water oxidation electrocatalysis and this
parameter could be tuned by changing the type of
hexacyanometal group.

ii) The electron density of Co(ll) can be reduced by increasing
the oxidation state of the metal ion of [M(CN)e]" group.

iii) Electrophilicity of the Co“—O center can be probed by
molecular orbital analysis and might be a useful tool for
realization of new PBAs bearing reactive Co species as potent
WOQOCs.

iv) Nucleophilic attack of water to the cobalt-oxo intermediate
should be the rate determining step for water oxidation catalysis
with Prussian blue analogues.

v) Theoretical calculations show that O—O bond forming species
has a mixed Co—oxo/oxyl character.

H,O

—Co"(NC)s

¢PCET
¢PCET
H,0 : 8
\V o*Co d+x0O p
(@)

L}
(NC)sM \CN/CO'V (NC)s

(NC)sM—_

M = COHI, CI'HI, FeHI, FeH

Figure 8. 0—O bond formation at the Co''—O center.
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In conclusion, the following mechanism has been proposed
based on the experimental and computational studies (Figure 9).
This study shows that electronic properties, thus, the
electrocatalytic activity of catalytically active cobalt site can
easily be tuned using the versatile chemistry of PBAs and
neighbouring metal ions should also be considered as an
important parameter to evaluate the catalytic activities of water
oxidation electrocatalysts. Detailed electronic structure
calculations employing multi-reference techniques about various
Co-O systems are under way to corroborate the nature of the
C0"-0 bonding and reactivity.

o HO 0, oI,
N, l N N, | N
e+ ol Co
N | >y N | N
N N e€+H
OH
o H
Ny, l N r\lf,,,"Li N
/CON Co&
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Figure 9. Proposed mechanism for water oxidation process for PBAs.

Experimental Section

Chemicals and solutions

Potassium hexacyanocobaltate K3[Co(CN)es] (Sigma-Aldrich, >97.0%),
cobalt chloride hexahydrate CoCl,. 6H,O (Sigma-Aldrich, 98.0%),
Potassium  hexacyanochromate  K3[Cr(CN)s]  (Aldrich, 99.99%),
Potassium hexacyanoferrate Ks[Fe(CNy] (Sigma-Aldrich, >97.0%),
potassium hexacyanoferrate trihydrate, Ks[Fe(CN)g].3H,O (Sigma-Aldrich,
98.5-102%). All the solutions were prepared with Millipore Milli-Q
deionized water with a resistivity of 18.2 mQ.cm.

Experimental

KaCop[M(CN)e]-xH20 (M = Fe" Fe", co", and Cr') abbreviated
throughout as [Co"-Fe'], [Co"-Fe"], [Co"-C0"], and [Co"-Cr™. In the case
of [Co"-Co0"] an aqueous solution of CoCl,.6H,0 (0.15 M, 20 mL) was
added dropwise to an aqueous solution of K3[Co(CN)g] (0.10 M, 20 mL)
at room temperature. The mixture was kept under stirring for 1 hour and
then allowed to wait overnight for precipitation. The solution was filtered
by vacuum suction and washed with copious amounts of water to obtain
the pink powder. The powder was dried further in desiccator. The same
procedure was applied for [Co"-Fe"] (dark blue), [Co'"-Fe'"] (dark brown),
and [Co"-Cr'"] (pale yellow).

Preparation PBA modified FTO Electrodes

FTO electrodes were procured from Sigma-Aldrich (with ~80%
transmittance, 2 mm with a surface resistance of 7 Q.sq'l, 1x2 cm).
Electrodes were washed by sonication for 10 minutes in basic soapy
solution, deionized water and isopropanol respectively. Then they were
annealed at 400 °C for 30 minutes. Catalyst modified electrodes were
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prepared by drop casting method. A mixture of 5 mg of PBA catalyst, 500
uL DMF, 500 pL water and 100 pyL Nafion solution were mixed and
sonicated for 30 minutes. After making a stable suspension, 50 pL of it
was taken and dropped onto by covering 1 cm? of the FTO electrode.
Electrodes were then dried at room temperature for 10 minutes followed
by 80 °C for 10 minutes in an oven. Then they were left in desiccator until
further use for electrochemical experiments and characterization.

Electrochemical Measurements

Gamry Instruments Interface 1000 Potentiostat/Galvanostat was used for
performing electrochemical measurements. A conventional three
electrode cell was used with Ag/AgCl (3.5 M KCI) as reference electrode,
FTO as the working electrode, and Pt wire as counter electrode. YSI
5100 dissolved oxygen sensing electrode instrument equipped with a

dissolved oxygen field probe was used to determine the oxygen evolution.

KPi buffer solution was prepared by using KH,PO,4 and K,HPO, and pH
of the solution was adjusted by adding H3PO, or KOH. Bulk water
electrolysis was performed with a two compartment cell with separation
of a glass frit. The electrolysis and steady state chronoamperometry
experiments were performed in KPi buffer solution containing 1 M KNO3
as supporting electrolyte. Mettler Toledo S220 SevenCompact™ pH/lon
pH meter was used to determine the pHs of buffer solutions. All of the
electrochemical experiments were performed at room temperature and
under N, atmosphere.

Physical Measurements

XRD patterns were measured by using a Pananalytical X'PertPro
Multipurpose X-Ray Diffractometer (MPD) with CuK, X- Ray Radiation
(A= 1.5418 A). GI-XRD patterns were recorded by using a Panalytical
X'Pert3 MRD Material Research Diffractometer (MRD) with CuKy X-ray
radiation (I=1.5418 a) at an incident (w) angle of 0.58. FTIR spectra were
taken by using a Bruker Alpha Platinum-ATR Spectrometer with
wavenumber range between 4000-400 cm™. FEl-Quanta 200 FEG
ESEM was used for imaging and EDAX analysis, at 5 kV beam voltage
for imaging and 30 kV for EDAX. XPS analysis was performed using
Thermo Scientific K-Alpha X-Ray Photoelectron Spectrometer system
with a AlKq microfocused monochromator source operating at 400 mm
spot size and hy= 14.86.6 eV accompanied by a flood gun, 200 eV for
survey scan and 30 eV for individual scans. In order to plot and analyze
the results Origin Pro 8.5 was used.
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