.@2 ChemPubSoc
e Europe

l Water Oxidation Catalysts |Hot Paper|

DOI: 10.1002/chem.201704933

CHEMISTRY

A European Journal

Full Paper

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

Computational Studies

Elif Pinar Alsac,” Emine Ulker, Satya Vijaya Kumar Nune,”” Yavuz Dede,* and

Ferdi Karadas*® "

/Abstract: Although 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 this purpose. Here, members of a series of
PBAs with different cyanide precursors have been investigat-
ed to study the effect of hexacyanometal groups on their
electrocatalytic water oxidation activities. Cyclic voltammet-
ric, chronoamperometric, and chronopotentiometric mea-
surements have revealed a close relationship between the

electron density of electroactive cobalt sites and electrocata-
lytic activity, which has also been confirmed by infrared and
XPS studies. Furthermore, pH-dependent cyclic voltammetry
and computational studies have been performed to gain in-
sight into the catalytic mechanism and electronic structure
of cyanide-based systems to identify possible intermediates
and to assign the rate-determining step of the target pro-
cess.

/

Introduction

Increase in energy demand has propelled the scientific com-
munity, particularly in the last two decades, to find alternative
energy sources that will replace limited fossil-based fuels.””
Since solar energy that involves 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 investigating efficient methods for splitting
water.”””! Since the water splitting process is mostly limited by
the high overpotential of the oxygen evolution reaction (OER),
many studies have been concerned with the introduction of
novel catalysts that operate at low overpotentials.®’ Many inor-
ganic systems, including metal oxides®'? perovskites,">""
amorphous materials,"® noble-metal-based materials,"”'® and
metal-organic frameworks (MOFs),"*?” have been investigated
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as water oxidation catalysts (WOCs). Of these, cobalt oxides
stand out due to their high catalytic activities,”""?? but are also
associated with two main disadvantages:**?¥ i) low stability
and a high tendency to decompose in acidic media, ii) difficulty
in correlation of their catalytic activities with structure due to
their amorphous nature. Non-oxide materials have also attract-
ed attention as WOCs due to their favorable characteristics,
such as ease of preparation, stability over a wide pH range,
and robustness during catalytic processes.” Patzke et al. re-
ported a carbodiimide-based material that could be used as a
WOC, which is stable in acidic and neutral media.”® Members
of a similar class of materials, metal dicyanamides, have also
been shown to be promising candidates for water oxidation
electrocatalysis.”” Cobalt hexacyanoferrates, members of the
Prussian Blue analogue (PBA) family, are also exceptional candi-
dates for electrocatalytic water oxidation due to their high cat-
alytic activities, robustness, and stability at neutral pH.*=% A
further study by Patzke et al. showed that PBAs can also be
used for a light-driven water oxidation process in the presence
of [Ru(bpy);]** as a chromophore.*" Despite their high turn-
over frequencies (TOFs), one of the main drawbacks of cya-
nide-based systems is their low concentration of electroactive
cobalt sites. This is because of the relatively large distances be-
tween Co" sites (ca. 10 A) compared to oxide-based systems
(ca. 3 A).”® This problem has recently been overcome by our
group with the use of a novel pentacyanoferrate-bound poly-
mer as a precursor of Co-Fe PBAs, which resulted in a dramatic
decrease in the crystallinities of PBAs, and thus a significant in-
crease in the surface concentration of Co sites.*? Galan-Mas-
cards et al. approached the same problem by using a new syn-
thetic method for the preparation of thin films of PBAs, which
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involves chemical etching of cobalt oxides with a hexacyano-
ferrate solution to form an in situ PBA film. This novel method
led to an impressive improvement in the stability of the elec-
trode and electrocatalytic performance over a wide pH range.
It required a much lower overpotential (510 mV) to obtain a
current density of 1 mAcm 25 In addition, Fukuzumi et al. in-
vestigated the photocatalytic water oxidation performances of
a series of Co-Pt PBAs in the presence of the well-defined
[Ru(bpy);]*/S,04>~ couple. A systematic study performed with
[Co(CN)s*~ and [Pt(CN),]*~ groups in different stoichiometries
clearly showed the number of active sites to be highly depen-
dent on the number of defects.**** Fukuzumi and co-workers
also studied the effect of counter cations on the catalytic activ-
ity and quantum efficiency displayed by Co-Co PBAs in the
photocatalytic water oxidation process, and showed that a
quantum efficiency of 200% could be achieved with such sys-
tems incorporating calcium ions as counter cations.*® The pre-
vious studies mentioned above have clearly shown that slight
modifications in the structure of PBAs can lead to a significant
increase in their catalytic activities. Although previous studies
have taken advantage of the rich and well-established cyanide
chemistry, to the best of our knowledge, no study has hitherto
been performed to investigate the effect of hexacyanometal
units on the electronic properties and catalytic performances
of electroactive cobalt sites. In the present study, electrocata-
lytic measurements on a series of cobalt hexacyanometalates
(CHCMs) incorporating different M(CN) units (M=Co", Cr",
and Fe"), together with characterization studies, have been
performed to investigate the effect of the type and oxidation
state of the metal in the M(CN), unit on the catalytic activities
of PBAs. The effect of hexacyanometal groups on the electron-
ic properties of electroactive cobalt sites has further been ex-
amined through electronic structure calculations employing
density functional theory (DFT).”3®

Results and Discussion
Electrochemistry

All of the electrochemical experiments were conducted with a
PBA-modified fluorine-doped tin oxide (FTO) electrode. Cyclic
voltammograms (CVs) of Co[M(CN)s] (M: Co", Cr", and Fe"™)
were measured in a phosphate buffer containing 1m KNO; as
the electrolyte in the potential range 0.2-1.7V versus NHE
(Figure 1). [Co"-Co" exhibits a quasi-reversible redox couple
with an oxidation peak at 1.210V and a reduction peak at
1.031 V versus NHE that can be assigned to Co®"/Co®*. Similar
redox couples are also observed for the other PBAs. Another
peak at a more positive potential of around 1.415V versus
NHE is observed for [Co"-Co"], which can be assigned to the
Co®"/Co*" redox process.*” Tafel plots for each catalyst were
obtained by performing chronoamperometry measurements at
different applied potentials to further investigate their electro-
catalytic performances. A linear trend was obtained between
the logarithms of the steady-state current densities and over-
potentials in the range 283-483 mV, giving Tafel slopes in the
range 90-130 mVdec ' (Figure 2). The Tafel slopes obtained for
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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 at 50 mVs~' sweep rate. The gray line indicates the electrochemical re-
sponse of the blank electrode.
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Figure 2. Tafel plots for PB derivatives from 1.1 to 1.4 V versus NHE recorded
in a 50 mm KPi buffer at pH 7.0.

[Co"-Fe"] and [Co"-Fe"] were slightly higher than those report-
ed previously by Galan-Mascarés et al.”®* The difference can
mainly be attributed to different preparation methods, since
PBA-modified electrodes prepared by an in situ method exhibit
lower Tafel slopes (ca. 90 mVdec™') compared to those pre-
pared by drop-casting.?3?

A similarity of Tafel slopes indicates similar OER mechanisms.
According to chronoamperometric measurements, onset over-
potentials of 283, 303, 323, and 343 mV were obtained for
[Co"-Co", [Co"-Cr'"], [Co"-Fe", and [Co'-Fe"], respectively,
which are consistent with those of cyclic voltammetric studies
(Figure S1). The surface coverage of electroactive Co®" species
on an FTO electrode, that is, the surface concentration, was de-
termined by recording CVs at different scan rates (25-
225mVs™") in the range 0.8-1.6 V. Surface concentrations of
the derivatives were estimated to be in the range 2-
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5 nmolcm™2, in good agreement with the results of previously

reported studies (Figure 52).2%3?

Surface concentration was used to assess turnover frequen-
cies (TOFs) of the PBAs. TOFs at an overpotential of 400 mV
were evaluated as 5.0x107%s™', 3.0x10%s, 44x107°s7,
and 5.0x10*s™' for [Co"-Co", [Co"-Fe"], [Co"-Fe"], and [Co'-
Cr'"], respectively (Figure S3). Comparison of the TOFs shows
that the available Co" sites in [Co"-Co"] exhibit the highest cat-
alytic activity. Chronopotentiometry (CP) was performed to de-
termine the overpotential required to obtain a current density
of 1 mAcm~2 during a 2 h experiment. The overpotential for
[Co"-Co" slightly decreased at first and then maintained a con-
stant level, whereas those for the other PBAs gradually in-
creased until stabilization. The overpotentials observed at
1 mAcm? are slightly higher than those extracted from the
Tafel slopes due to the formation of O, bubbles on the elec-
trode surface during the measurement. CP studies showed
that [Co"-Co"] exhibited the lowest overpotential, and 1, was
determined as 531, 578, 661, and 692 mV for [Co"-Co"], [Co"-
Cr'", [Co"-Fe"], and [Co"-Fe'], respectively (Figure 3, Table 1).
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Figure 3. Chronopotentiometry measurements of PB derivatives at
1 mAcm~2in a 50 mm KPi buffer at pH 7.0.

Long-term chronoamperometric studies at an applied poten-
tial of 1.4 V versus NHE were performed to investigate the sta-
bility of the PBA-modified electrodes. The current density for
each catalyst decreased until it reached a constant value, as
previously reported by our group and by Galdn-Mascarés
et al.?%32

The same trend was observed over for four repeated cycles,
and the close similarity of cyclic voltammetric profiles obtained
after each cycle indicated that the catalysts retained their
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structure even during long-term catalytic processes (Figure S4).
An interesting anomaly was observed for [Co"-Cr"], for which a
decrease in current density was observed as usual, but this
was followed by an abrupt increase after around 10 h. Compar-
ison of the CVs obtained before and after a 24 h electrolysis
experiment indicated a significant decrease in the onset over-
potential and catalytic current density, which could be attribut-
ed to the decomposition of [Co"-Cr'"] to a more catalytically
active species. Our characterization studies, which will be dis-
cussed in the following section, also suggest that decomposi-
tion only occurs during long-term electrolysis studies (longer
than 10 h). Furthermore, a similar electrolysis study, employing
an O, probe, was performed on [Co"-Co"] to investigate the
origin of the current density and Faradaic efficiency. The per-
fect match between the theoretical yield obtained from chro-
nocoulometry measurement and the experimental yield ob-
tained by means of an O, probe indicated that the sole origin
of the current density was catalytic water oxidation with the
evolution of O,, and that there were no competing redox reac-
tions (Figure S5).

Characterization studies

All samples were isostructural with the Prussian Blue crystal
structure, adopting a face-centered cubic (fcc) form, with
space group Fm3m, as confirmed by powder XRD studies. The
characteristic 26 peaks for Prussian Blue were observed for all
of the materials (Figure S6), and the lattice parameter was de-
termined to be around 10 A for each derivative (Table S1). XRD
analysis in grazing incidence mode was also performed on the
catalysts deposited on FTO before (pristine) and after (post-cat-
alytic) the electrocatalytic studies, to investigate their structural
stability during electrocatalysis. No additional peaks were ob-
served in the XRD patterns of the post-catalytic samples, and
the peaks corresponding to the Prussian Blue-type structure re-
mained, confirming the stability of the catalysts (Figure 4).
The atomic ratio of metals in each compound was determined
by EDX analysis (Table S2). The following molecular formulae
were obtained, based on stoichiometric ratio of metals:
Ko76C0262[CO(CN)6l,, Ko goC0,50[CrM(CN)gly, Ko :C0, s5[Fe"(CN)el,,
and K, 4,Co;5,[Fe'(CN)¢], for [Co"-Co"], [Co"-Cr"], [Co"-Fe"], and
[Co"-Fe"], respectively. Each compound has a similar potassium
content in the range 0.6-0.8, which results in an average of
about 4.5 CN groups per Co" site. The coordination spheres of
the Co" sites are completed by water molecules, which play an
active role in water oxidation (Figure S7).

Infrared studies showed that the PBAs exhibited the charac-
teristic bands associated with Prussian Blue-type systems: a) a

Table 1. Summary of electrochemical properties of PBAs.

Compound Co?* /2 v(CN) TOF Surface concentration 71 ma from Tafel Slope 71 ma from Nonset
V] [cm™] [17 =400 mV] [nmolcm™] Tafel plot [mV] [mV dec™'] CP [mV] [cv]

[Co"-Co™M 1.010 2176 5.0x107? 41 531 99 565 283

[Co"-CrM 1.084 2173 5.0x10°° 3.90 578 96 598 303

[Co"-Fe"] 1.084 2120 44x10°3 5.48 661 127 717 323

[Co"-Fe"] 0.995 2072 3.0x1073 2.00 692 121 1079 343
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Figure 4. GI-XRD patterns of PB derivatives for pristine (black lines) and
post-catalytic samples (red lines). Peaks attributable to the FTO electrode are
marked with triangles (A) and those attributable to Prussian Blue are
marked with asterisks (¥).

sharp band at around 1610 cm™" and a broad feature at 3200~
3500 cm™', which correspond to HOH bending and OH stretch-
ing, respectively; b) a sharp peak at around 490-590 cm™' due
to M—C stretching; and c)a sharp peak at around 2120-
2180 cm™' attributable to CN stretching (Table S3). PBAs exhibit
higher CN stretching frequencies compared to their hexacya-
nometal precursors, which confirms the binding of nitrogen
atoms of cyanide to Co" sites®*? (Figure S8). Infrared analysis
was also performed on the post-catalytic samples. The close
similarity between the cyanide stretching IR bands of the pris-
tine and post-catalytic samples suggests that the M-CN-Co'-
type coordination mode of the catalysts is preserved during
electrolysis (Figure S9). A slight shift to higher frequencies in
the case of post-catalytic [Co"-Fe"], which was also observed in
previous studies, can be attributed to partial oxidation of iron
ions from +2 to + 3 during the electrocatalysis.

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

In addition to Co2p, the O1s signals were also examined for
both the pristine and post-catalytic samples (Figure S10). An
O1s signal with a binding energy higher than 530 eV indicated
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Figure 5. XPS of Co2p region for pristine (black lines) and post-catalytic (red
lines) samples of PB derivatives.

an absence of any cobalt oxide species before and after elec-
trochemical experiments, even for [Co'-Cr'"]. The observed
values are displayed in Table S4. A moderate broadening of the
O1s signal is evident in the post-catalytic samples, indicating a
partial and reversible oxidation of electroactive Co" sites.

Mechanism of catalytic water oxidation

The CN stretching vibration may be considered as a fingerprint
for cyanide-based coordination compounds. A comparison of
shifts in the cyanide stretch can be used not only to confirm
the bridging mode of the cyanide group, but also to evaluate
the oxidation states, and hence the electron densities, of the
metal ions. Considering that the cyanide stretching vibration
shifts to higher frequencies as the oxidation state of the metal
increases, a direct correlation can be established between the
shift of the cyanide stretch and the electron deficiency of Co"
centers. Comparison of the cyanide stretches implies that the
electron densities at the Co" sites in our Prussian blue ana-
logues 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 the Co2p orbitals obtained by XPS
studies. The ordering of the Co 2p;,, peaks is [Co"-Co"] > [Co'-
Cr'"l > [Co"-Fe"] > [Co"-Fe"], implying that the Co" sites in the
[Co"-Co" analogue have the lowest electron densities in the
series. The evaluation of electron densities can provide insight
into the rate-determining step (r.d.s.) in water oxidation cataly-
sis. Two steps have generally been reported as competing as
the r.d.s. in water oxidation process: i) Co"-OH/Co"—0O (oxo) or
Co"—~OH/Co"-0" (oxyl) as the oxidation step and ii) the nucleo-
philic attack of water at the electrophilic oxygen atom of oxo/
oxyl species, resulting in O—O bond formation. An increase in
the electron density at the Co" site facilitates the former step,

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. FTIR spectra of PB derivatives showing cyanide stretches.

while decreasing the electrophilic nature of the oxo intermedi-
ate and thus impeding the latter. The above discussion on the
electron densities of Co" sites in PBAs and their electrocatalytic
performances clearly shows that [Co"-Co"] stands out as the
most efficient catalyst among the studied PBAs, which has Co"
sites with the lowest electron density. This correlation implies
that nucleophilic attack of water on the oxo/oxyl intermediate
is the rd.s. of the water oxidation process for PBAs. 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 1V versus NHE. Nevertheless,
the difference in the electron densities of the cobalt ions
should be preserved, given that the structural integrity of the
cyanide framework is preserved and that the metal ion in the
M(CN), building block is not oxidized. While this assumption
may be valid for hexacyanometal groups that contain metal
jons in their 3+ oxidation state, the Fe?" ion in the [Fe(CN)¢]*~
group would be expected to be oxidized when a potential
above 1V is applied.”" The oxidation of all Fe** ions is, how-
ever, a kinetically demanding process, since it requires more
potassium ions to be transported from the framework to the
electrolyte to maintain charge neutrality and, more important-
ly, there are insufficient potassium ions to produce a fully oxi-
dized [Co"-Fe"] system. Therefore, the catalytically active spe-
cies 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 the 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"] may thus be at-
tributed to differences in the kinetics of its electron transfer
and its electronic properties.

A further analysis of the mechanism was made based on the
Pourbaix diagram (Figure 7), which was obtained by recording
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Figure 7. Pourbaix diagram of [Co"-Co"] in KPi buffer over the range pH 2-
13. Cyclic voltammograms recorded at these pH values are shown in Fig-
ure S10.

CVs for [Co"-Co"] at different pH values (Figure S12). The dia-
gram shows that Co?"/Co®" redox process is pH-dependent in
the range pH 4-10 with a slope of 64 mV log[H™]™", which
refers to a TH™-1e™ process.

Interestingly, the half-potential for the second redox step is
preserved, regardless of pH (< 11), which indicates that a hy-
droxyl group is coordinated to the catalytically active Co"-oxo/
Co"-oxyl intermediate under neutral conditions. An [N;Co"-OH]
intermediate could be deprotonated in a subsequent step to
form a cobalt oxo/oxyl complex, and then undergo nucleophil-
ic attack of water to form a peroxo intermediate, which is one
of the essential steps for O—O bond formation. A slightly differ-
ent mechanism to that commonly accepted for oxides is thus
proposed for PBAs. The presence of additional peaks in the
CVs obtained at above pH 11 suggests that water oxidation
proceeds with a different mechanism under basic conditions.

Electronic structure calculations

In order to gain insight into the different performances of the
PB analogues studied in this work, electronic structure calcula-
tions were performed with DFT®3® (see the Sl for details). It is
critical to understand the reason for the rate enhancement
along the Fe', Fe", Cr", and Co" cationic series used as the
second metal separated from the catalytically active Co site by
a cyanide bridge.

Oxidation of water would require the proton coupled elec-
tron transfer (PCET) steps to afford the formal Co"-oxo/Co"-O*
moiety from the substrate-bound aqua center with a +2
formal charge, that is, Co"(OH,)—Co"(OH)—Co"(0)/Co"-(O).
Once Co"(0) is accessed, it is attacked by water to afford the
O—0 bond. This picture is consistent with the existing mecha-
nistic data in the literature.®*>*? Therefore, the structural and
electronic properties of the Co"“(0)/Co"—(O") center are the
main focus of our quantum chemical calculations. It is impor-
tant to note that there are no restrictions on the distribution
of electrons in our calculations, and thus formal assignments

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of Co"(0) or Co"-(0") for the Co center are less comprehensive
levels of describing the Co—O bond compared to the com-
pletely delocalized (canonical) orbital picture given by quan-
tum chemical calculations.

DFT calculations suggest that the catalytically active Co—O
site is a local quartet and hence hosts three unpaired elec-
trons. Depending on the nature of the neighboring metal in a
strong field environment, either one or zero electrons contrib-
ute 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 spin density analysis, as given in
Table 2. Interestingly, the reactive Co" center has a high
degree of radical character distributed over the Co—O bond.
Such electronic structure fingerprints of high-valent Co moiet-
ies were recently shown to be related to reactivity,** where an
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apparent Co"=oxo species having a mixed electronic structure
of the oxyl/oxo type was reported. In that work, one of us
(Y.D.) showed that, similarly to the case reported here, the oxo-
wall*! was indeed not broken, and the local quartet spin ar-
rangement, delocalized along the Co—O bond, showed sub-
stantial radical character on oxygen. Overall, a more appropri-
ate 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 elucidate the molecular basis for the cata-
lytic activity (Table 2).

The calculated trend in v(CN) is in good agreement with the
experimental results, and shows the flow of electron density
from the Co site. More importantly, the critical O—O bond-
forming step can be readily understood by analyzing the
attack of water on the Co—O center. The oxygen lone pairs

Table 2. Structural and electronic properties of the M/Co PBAs computed bome by Wa'ter are seeking ‘Vacan't orbitals on the CO_,O
at the UMOBL/cc-pVTZ level of theory. center, for which the best candidate is the LUMO. As shown in
Table S5, the 6* MO generated from Co_d and O_p contribu-
Il 1L}
[Co™-CoTl tions is obtained at lower energies (E yuo in Table 2) through
R Co—O [A] 1.652 the Fe", Fe", Cr", and Co" sites. Thus, the electron affinity of
O V[Cc,;l] fem ] 21132 the Co"—O center is increased; the attack of water becomes
2y e Z[Co“’] 1'63 more facile, and this accounts for the lower overpotentials
3—_0_ Q O 2 Evuno [€V] _1434 measured in our electrochemical experiments. Our quantum
&f\ chemical calculations thus show that the reactive Co-oxo/oxyl
9 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 can be better de-
[Co'-Cr' scribed as sharing Co_d and O_p orbitals through the Co—O
RCo0 Al o, bond. The reactivity correlates with attaining the LUMO, to be
» CN [em-] 2'158 attacked by incoming water, at lower energies, as summarized
O o [O] 124 in Figure 8. Note that this truncated quantum chemical model
“Q O ’ p1Co"] 1.62 may not capture all of the structural features of the PB surface,
0’ 9 Ewmo [eV] —1385 but it is a good compromise between accuracy and cost. More-
over, with the assistance of the experimental data, the elec-
Q tronic structure of the active species could be assigned as
Co"(0)/Co"-(07), and hence the model chemistry is useful.
[Co'-Fe"]
R Co—0O [/}3 1.653 H,0
O ¥ CN [em ] 2160
o [0] 1.23
Q 0° ;E»[Co'ﬁv 1 ;gf (NC)sM—__ _—~Co"(NC)s
O e tuwo [eV] e PCET
9
3 ‘PCET
[Co'-Fe'] H,O : \ 8
R Co—O [A] 1684 o*Co_dxO_p
O v CN [em™] 2114 o
0 [0] 117 '
%\Q’o/‘ p [Co™ 2.10 :
' \(\.\o Evomo [€V] ~11.06 (NC)sM \CN/CO'V (NC)s
M= COHI, CrIH, FeIH, FeII
[a] Surfaces were generated at 0.05 a.u.
Figure 8. 0—O bond formation at the Co"—O center.
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Conclusions

Previous electrochemical studies on Prussian Blue analogues
have shown that having a cobalt site coordinated to nitrogen
atoms of a cyanide bridging group is essential to obtain effi-
cient PBA electrocatalysts for water oxidation. Here, members
of a series of cobalt hexacyanometalates with the general for-
mula K,Co,[M(CN),] (M: Co", Cr", and Fe'") have been pre-
pared to investigate the effect of the hexacyanometal groups
on the electrocatalytic activity of CHCMs. Tafel analysis and
chronoamperometry experiments have revealed that [Co"-Co"]
serves as the most efficient electrocatalyst for water oxidation
among the studied CHCMs. Infrared and XPS studies have indi-
cated that it has the Co" center with the lowest electron densi-
ty, which has also been confirmed by DFT studies.

Overall, experimental and computational studies have led to
the following conclusions:

) The electron density of Co" is a decisive electronic criterion
for achieving efficient water oxidation electrocatalysis, and
this parameter may be tuned by changing the type of hex-
acyanometal group.

i) The electron density of Co" can be reduced by increasing
the oxidation state of the metal ion of the [M(CN)s"™
group.

i Electrophilicity of the Co"—O center can be probed by mo-
lecular orbital analysis, and this might be a useful tool for
the realization of new PBAs bearing reactive Co species as
potent WOCs.

iv) Nucleophilic attack of water on the cobalt-oxo intermedi-
ate should be the rate-determining step for water oxida-
tion catalysis with PBAs.

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

In conclusion, the following mechanism may be proposed,
based on the experimental and computational studies
(Figure 9). This study has shown that electronic properties, and
hence the electrocatalytic activity of the catalytically active
cobalt site, can be easily tuned through the versatile chemistry
of PBAs, and neighboring metal ions should also be considered
as an important parameter to evaluate the catalytic activities
of water oxidation electrocatalysts. Detailed electronic struc-
ture calculations, employing multi-reference techniques, on
various Co—O systems are underway aimed at corroborating
the nature of the Co"—0 bonding and reactivity.

Experimental Section
Chemicals and solutions

Potassium hexacyanocobaltate K;[Co(CN)¢] (>97.0%), cobalt(ll)
chloride hexahydrate CoCl,:6H,0 (98.0%), potassium hexacyano-
chromate  K;[Cr(CN)g]  (99.99%), potassium hexacyanoferrate
K;[Fe(CN)] (>97.0%), and potassium hexacyanoferrate trihydrate
K;[Fe(CN)gl-3H,0 (98.5-102%) were all obtained from Sigma-Al-
drich. All the solutions were prepared with Millipore Milli-Q deion-
ized water with a resistivity of 18.2 mQcm.
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Figure 9. Proposed mechanism for water oxidation process by PBAs.

K,Cop[M(CN)]:xH,0 (M=Fe", Fe", Co", and Cr") are abbreviated
throughout as [Co"-Fe'], [Co"-Fe"], [Co"-Co"], and [Co"™-Cr"]. In the
case of [Co"Co"], an aqueous solution of CoCl,6H,0 (0.15m,
20 mL) was added dropwise to an aqueous solution of K;[Co(CN)]
(0.10m, 20 mL) at room temperature. The mixture was stirred for
1 h and then left to stand overnight for precipitation. It was then
filtered by vacuum suction, and the residue was washed with copi-
ous amounts of water to obtain a pink powder. The powder was
then dried in a 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 about
80% transmittance, 2 mm with a surface resistance of 7 Qsq~', 1x
2 cm). The electrodes were washed by sonication for 10 min each
in basic soapy solution, deionized water, and isopropanol, respec-
tively. They were then annealed at 400°C for 30 min. Catalyst-
modified electrodes were prepared by a drop-casting method. A
mixture of PBA catalyst (5 mg), DMF (500 puL), water (500 pL), and
Nafion® solution (100 uL) was sonicated for 30 min to prepare a
stable suspension, 50 uL of which was removed and dropped onto
an FTO electrode to cover 1cm?” The electrodes were dried at
room temperature for 10 min and then at 80°C in an oven for
10 min. They were left in a desiccator prior to use for electrochemi-
cal experiments and characterization.

Electrochemical measurements

A Gamry Instruments Interface 1000 potentiostat/galvanostat was
used for electrochemical measurements. A conventional three-elec-
trode cell was used, with Ag/AgCl (3.5 M KCl) as the reference elec-
trode, FTO as the working electrode, and a Pt wire as the counter
electrode. A YSI 5100 dissolved oxygen sensing electrode instru-
ment equipped with a dissolved oxygen field probe was used to
determine oxygen evolution. Phosphate buffer solution (KPi) was
prepared by using KH,PO, and K,HPO,, and the pH of the solution
was adjusted by adding H;PO, or KOH. Bulk water electrolysis was
performed in a two-compartment cell separated by a glass frit. The
electrolysis and steady-state chronoamperometry experiments
were performed in KPi buffer solution containing 1m KNO; as a
supporting electrolyte. A Mettler Toledo 5220 SevenCompact™ pH/
ion pH meter was used to determine the pH of buffer solutions. All
of the electrochemical experiments were performed at room tem-
perature and under N, atmosphere.
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Physical measurements

XRD patterns were measured by means of a PanAnalytical X'Pert-
Pro multipurpose X-ray diffractometer (MPD) employing Cuy, radia-
tion (1=1.5418 A). GI-XRD patterns were recorded by using a Pan-
Analytical X'Pert 3 MRD material research diffractometer (MRD)
with Cuy, X-ray radiation (1=1.5418 A) at an incident angle of
0.58°. FTIR spectra were acquired with a Bruker Alpha Platinum-
ATR spectrometer over the wavenumber range 4000-400 cm™'. An
FEI-Quanta 200 FEG ESEM was used for imaging and EDAX analysis,
operated at 5 kV beam voltage for imaging and 30 kV for EDAX.
XPS analysis was performed on a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer system with an Aly, microfocused
monochromator source operated at 400 mm spot size and hy =
1486.6 eV accompanied by a flood gun, 200 eV for survey scans
and 30 eV for individual scans. Origin Pro 8.5 software was used to
plot and analyze the results.
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