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Abstract: Prussian blue (PB) and its analogues (PBAs) have
at least a three-century-long history in coordination chemis-
try. Recently, cobalt-based PBAs have been acknowledged as
efficient and robust water oxidation catalysts. Given the flex-
ibility in their synthesis, the structure and morphology of
cobalt-based PBAs have been modified for enhanced catalyt-
ic activity under electrochemical (EC), photocatalytic (PC),
and photoelectrochemical (PEC) conditions. Here, in this
review, the work on cobalt-based PBAs is presented in four
sections: i) electrocatalytic water oxidation with bare PBAs, ii)

photocatalytic processes in the presence of a photosensitizer
(PS), iii) photoelectrochemical water oxidation by coupling
PBAs to proper semiconductors (SCs), and iv) the utilization
of PBA-PS assemblies coated on SCs for the dye-sensitized
photoelectrochemical water oxidation. This review will guide
readers through the structure and catalytic activity relation-
ship in cobalt-based PBAs by describing the role of each
structural component. Furthermore, this review aims to pro-
vide insight into common strategies to enhance the catalytic
activity of PBAs.

1. Introduction

Cyanide rapidly reacts with metal ions, labeling itself a toxic
and dangerous molecule. Despite its bad reputation, it can be
used to connect proper functional units to prepare low-cost
and non-toxic multifunctional materials on a large scale.[1–6]

The most well-known family of cyanide-based compounds is
Prussian blue (PB) and its analogues (PBAs), which can be fac-
ilely synthesized by mixing a hexacyanometalate complex with
a 3d transition metal ion to afford mixed-metal cyanometa-
lates. These materials, with a history dating back to the begin-
ning of the 18th Century, are known as microporous coordina-
tion polymers with a three-dimensional open framework struc-
ture. In a PB structure, metal cations are connected through
cyanide bridging ligands, forming a cubic coordination net-
work with the general molecular formula AnMx[M’(CN)6]·n H2O
(A = alkali-metal ions, M and M’= transition metal ions).
Figure 1 shows the typical crystalline structure of a cobalt-
based PBA, CoFe PBA, in which M = Co, M’= Fe. Given the di-
versity (adjustable metal active sites), high porosity, fast elec-
tron transfer, earth-abundance, and simple synthesis of PBAs,
they have been investigated as promising materials in a wide
range of applications including magnetism,[7] photomagnet-
ism,[8] alkaline-ion batteries,[9–11] gas capture and storage,[12, 13]

sensors,[14] H2O2 reduction,[15] electrochromic devices,[16, 17] and
biomedicine.[2, 18] PBAs have recently received attention as po-
tential robust and efficient water oxidation catalysts (WOCs)
for efficient and scalable water splitting devices. Since the
benchmark study in 2013 by Gal�n-Mascar�s and co-work-
ers,[19] PBAs have been found to operate efficiently under elec-
trocatalytic (EC), photocatalytic (PC), and photoelectrochemical
(PEC) conditions. Detailed discussions on various water split-
ting platforms were presented in our earlier review.[20, 21] In ad-
dition, several reviews have recently focused on PB derived
multimetallic oxides, sulfides, and phosphides rather than cya-
nide-based coordination networks themselves.[22–26] This review,
however, provides a comprehensive overview of cyanide-based
water oxidation catalytic assemblies to exploit the role of each
structural unit in a PB structure to the water oxidation process.

2. Water Oxidation

The use of catalysts in water oxidation has gained new mo-
mentum after the seminal work on the water oxidation catalyt-
ic activity of cobalt oxides in the presence of a phosphate

Figure 1. Synthesis and general structure of AnCox[Fe’(CN)6]·n H2O (A = H+ ,
Li+ , Na+ , K+ , Rb+ , Cs+ , Mg2 + , Ca2 +). Here, nitrogen-coordinated Co sites
and carbon-coordinated Fe ones are bridged by cyanide (CN) groups to
form an open framework. Catalytically active cobalt sites, which are sur-
rounded by at least one water molecule, are highlighted with orange
spheres. Alkali metal ions residing in the tetrahedral positions of the cubic
structure are omitted for clarity.
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buffer (Co-Pi).[27, 28] This work has also accelerated the studies
on heterogeneous catalysis with bulk systems. In 2013, a
cobalt-based PBA also came into play as one of the first non-
oxide heterogeneous WOCs.[19] The impact of this work is two-
fold: 1) it provides new insight into the water oxidation mech-
anism by demonstrating that an oxo-bridge is not essential for
water oxidation catalysis ; 2) a new family of heterogeneous
catalysts is introduced to the field.

Cobalt hexacyanoferrates can be regarded as non-stoichio-
metric coordination network compounds, in which the Co/Fe
atomic ratio can vary between 1 to 2, depending on the syn-
thesis, counter alkali metal cation, and the oxidation state of
iron. The network consists of catalytically inactive iron sites sur-
rounded by six cyanide groups, which serve as a bridging
group between cobalt sites. A cobalt ion, on the other hand, is
surrounded with a combination of nitrogen atoms of cyanide
groups and water molecules forming a coordination sphere
with a general formula, CoII(NC)x(OH2)6�x. The cobalt site in a
PB structure can easily be oxidized to its higher oxidation
states, which makes it an ideal catalytic site for water oxida-
tion. All the PB-based WOCs studied to date are, therefore,
cobalt-based ones. Several key features that make cobalt-
based PBAs ideal catalytic assemblies for water oxidation are
listed below and are shown in Figure 2.

Simple synthesis : Given the reactivity of both the carbon
and nitrogen atoms of the cyanide group, a cyanide-based co-
ordination polymer could be obtained by just mixing a cyano-
metalate complex with a transition metal ion resulting in a
color change and a precipitate. The purification of the powder
is generally performed by using aqueous or alcoholic solvents
at room temperature under air with a high yield.

Diverse morphology : The flexible synthesis of PBAs can be
modified to achieve a morphology that suits the needs of the
desired application. Capping ligands and surfactants can easily
be incorporated into the synthesis to control the surface
chemistry, morphology, crystallinity, and the particle size of
PBAs.[29–31]

Diversity : Given the straightforward synthesis, desired alkali
(H, Li, Na, K, Rb, Cs), alkaline earth (Mg, Ca), and 3d transition
metal ions (Cr, Mn, Fe, Co, Ni, Cu, Zn) can be incorporated into
the PB structure, which enables systematic investigation of the
role of each component in a specific application.[32–34]

Earth abundance : As all of the components in PBAs are
earth abundant, non-toxic, and low-cost precursors, they can
be utilized for building scalable and low-cost electrochemical
devices and water splitting cells.

Robustness : Unlike most of the common oxide-based
WOCs, PBAs exhibit exceptional stabilities even under harsh
acidic conditions.[35] They can efficiently operate at almost all
pH values (pH 1–13), which is highly desirable for water split-
ting devices. For example, a FeFe PB is an FDA approved drug
for radiocesium, which is taken orally as it is stable even
against gastric acid, pH 1.5.[36–39] The superior stability of PBAs
under both neutral and acidic conditions could be attributed
to strong s-donation (mainly owing the negative charge of the
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Figure 2. Characteristic features of each constituent in a CoFe PBA.
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ligand) and p-back donation (owing to the empty relatively
low-energy p* orbitals) between the metal ion and cyanide
group, which yields a much lower solubility constant com-
pared with metal oxides (Ksp for PB is 10�41 whereas it is ap-
proximately 10�15 for cobalt oxides). The superior pH endur-
ance, therefore, makes PBAs strong candidates as robust
WOCs. It is noteworthy that catalytic studies with PBAs above
pH 13 should be performed with caution as they transform to
metal hydroxides, which could also exhibit efficient water oxi-
dation catalytic activities.

Porosity : PBAs are considered as one of the oldest coordina-
tion polymers and they exhibit a microporous nature as the cy-
anide bridging group creates microchannels with a size of ap-
proximately 5 �, which enables the access of small molecules
including water and oxygen, see Figure 2. Moreover, all PBAs
exist in the same cubic structure regardless of the metal ions
used and the metal-to-metal stoichiometric ratio. For example,
the cobalt-to-iron ratio is generally greater than one to provide
a charge balance.[40] Small voids occur in the structure owing
to the partial absence of cyanoferrate groups. Therefore,
cobalt sites coordinated to at least one water molecule are
present even in the subsurface of the structure. The catalytic
activity of these interior defect sites is confirmed with a recent
study, which suggests that a PB layer of around 7 nm thickness
participates actively in the catalytic water oxidation process.[41]

Fast electron transfer : Short cyanide linker (M-CN-M’ dis-
tance is �5 �) provides fast electronic communication be-
tween metal ions. Heteronuclear metal cyanide compounds
generally fall into Class II based on Robin–Day classification re-
vealing the partial localization of distinct valences.[42–46] Both
metal sites in a CoFe PBA exhibit easily accessible M2+ /3 +

redox processes. Whereas Co2+!Co3 + oxidation is one of the
critical steps in a water oxidation process, the Fe2 + /3 + redox
process is utilized to increase the electron density of electron-
deficient catalytic cobalt sites for enhanced water oxidation ac-
tivity. Therefore, iron sites serve as bridging and donor groups
in CoFe PBAs. The electronic effect of iron sites will be dis-
cussed in more detail in Section 2.4. This unique behavior
could be utilized to provide a fast electron transfer between
metal ions to mediate the charge transfer during the water oxi-
dation process.

2.1 Electrocatalytic (EC) water oxidation

Electrocatalytic water splitting is mainly limited by the high
overpotentials of both the hydrogen evolution and oxygen
evolution reactions. The complex multistep proton-coupled
electron transfer (4 e� process), water oxidation, is particularly
considered as the most challenging half-reaction of the water
splitting process. Here, CoFe PBAs advance as active electroca-
talysts to accelerate the sluggish oxygen evolution reaction ki-
netics by reducing the activation energy of the reaction. Cata-
lytic studies performed on a series of metal hexacyanoferrates
(M = Mn, Fe, Co, and Ni) indicate that cobalt is the most active
catalytic site in PB structures.[47] In a classic three-electrode
setup (Figure 3 a), a typical CoFe PBA modified electrode, re-
gardless of the synthetic method, exhibits two characteristic
features in the anodic region: i) a quasi-reversible band at
around 0.9 V (vs. Ag/AgCl electrode) at pH 7, which is attribut-
ed to a Co2 + /3 + redox process just before and ii) an irreversible
peak owing to the catalytic water oxidation process.[19, 48] The
electrode is extremely stable under neutral conditions as con-
firmed by long-term chronoamperometry and chronopotenti-
ometry experiments.[35] The cobalt sites in a PB framework are
estimated to be more active than those in a bulk Co3O4 struc-
ture. Electrochemical studies reveal that a turnover frequency
(TOF) of 2.6 � 10�3 s�1 could be obtained at an overpotential
(h) of 410 mV for Co3O4 whereas it is only 305 mV for a CoFe
PBA modified electrode.[19] The cyanide linker, however, results
in a lower surface concentration on the order of ‘nmol cm�2’
compared with bulk oxides (on the order of ‘mmol cm�2’), as
the distance between the neighboring cobalt sites in a PB
structure is approximately 10 � (it is approx. 3–4 � for oxides
and sulfides). The majority of the earlier research conducted
on electrocatalytic water oxidation with PBAs, therefore, re-
volved around increasing the surface concentration of active
catalytic sites by either varying the cobalt precursor, changing
the cyanide precursor, using support materials, or a combina-
tion of these. These strategies are highlighted below with prac-
tical experimental methods:

i) Changing the cyanide precursor : The inspection of the
effect of a structural parameter on the catalytic activity in bulk
PBA systems can be quite challenging, as a slight change in

Figure 3. Schematic of (a) a general EC water oxidation setup including a WOC deposited on FTO-coated glass, reference electrode (not shown), and a metal
cathode that is immersed in an electrolyte and connected by an external electric wire, and (b) the responsible proton-coupled electron transfer (PCET) mecha-
nism for EC water oxidation with CoFe PBAs.
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the synthetic conditions or the precursors generally varies the
morphological and electronic properties of the assembly. In
the electrocatalytic water oxidation studies of CoFe PBAs, mor-
phological changes have been monitored with the surface
concentration of catalytic cobalt sites whereas electronic prop-
erties of the catalytic sites are compared based on the TOF
value. In 2013, Gal�n-Mascar�s and co-workers employed a
well-established potentiostat deposition method to prepare a
CoFe PBA-modified FTO-coated glass with a surface concentra-
tion of approximately 1.4 nmol cm�2.[19] A similar value is ob-
tained when a CoFe PBA-modified electrode is prepared with a
drop-casting method.[49] In addition to a long distance be-
tween cobalt sites, the origin of the relatively low surface con-
centration in CoFe PBAs is also due to their high crystallinities
as depicted by sharp diffraction peaks in their powder XRD
patterns. Our group recently found that an amorphous CoFe
coordination polymer could be obtained when the symmetric
hexacyanoferrate complex is replaced with a polymer-bound
pentacyanoferrate precursor.[48] The polymer herein serves as a
capping group, which limits the dimensionality of the cyanide-
based network structure. The change of the morphology from
a crystalline structure to an amorphous one leads to a seven-
fold increase in the surface concentration. In other words, the
amorphization of the reactive surface or decreasing the degree
of crystallinity of the catalytic structure allows for better partic-
ipation of the catalytic site to the water oxidation process and
its easy transformation to the required intermediates.[50] Later,
Bonacin and co-workers employed the [Fe(CN)5(isn)] complex
(isn = isonicotinate) to prepare a CoFe PBA with a surface con-
centration of around 6.0 nmol cm�2.[51] Varying the number of
cyanide groups coordinated to the cyanometalate group,
therefore, provides a good opportunity to enhance the
number of catalytic sites and/or defects on the surface for an
oxygen evolution reaction.

A list of electrocatalytic water oxidation activities with im-
portant electrocatalytic parameters, including overpotentials,
Tafel slopes, and TOF of PBAs, is provided in Table 1.

Coordinatively saturated iron ions are considered to be inno-
cent sites in the catalytic process. In CoFe PBAs, the electron
density on one metal site, however, affects the other one as
PBAs fall in Class II mixed-metal compounds based on Robin–
Day classification.[42–46] Electrochemical studies performed on
CoFe PBAs indicate that the Fe2 + /3 + and Co2+ /3 + redox poten-
tials are close to each other, which makes them difficult to dif-
ferentiate from each other.[40] A series of cobalt hexacyanome-
talates, Cox[M(CN)6] , M = Fe2 + /3 + , Co3 + , and Cr3+ , was studied
to elucidate the effect of the hexacyanometalate group on the
water oxidation activity of cobalt sites.[49] Although the mor-
phology and surface concentration are similar, the TOF value
of the cobalt site in CoM PBAs ranges dramatically from 3 �
10�3 s�1 for CoIICoIII PBA to 5 � 10�2 s�1 for CoIIFeII PBA. There-
fore, the hexacyanometal group bears a clear electronic effect
on the catalytic activity of cobalt sites. A catalytic mechanism
is also proposed, which is supported by experimental studies
and theoretical calculations (Figure 3 b). The 4 e� mechanism,
similar to the oxide-based mechanism, involves the oxidation
and activation of the catalytic site by four proton-coupled elec-
tron transfer (PCET) to yield a high-valent metal-oxo species.
This active species is attacked by a nucleophilic water molecule
to form a peroxo species, which is then released as an oxygen
molecule. As the relatively long distance between two cobalt
sites in a PB structure prevents the collaboration of active sites
for catalysis, the 4 e� water oxidation process is considered to
occur on just one cobalt site. Similar to the water oxidation
mechanism in cobalt oxides, one of the two critical steps, the
oxidation of Co3 + to a higher oxidation state or the nucleophil-
ic attack of the water molecule to a cobalt-oxo species, should
be the rate-determining step in PB systems. The nature of
these two steps differs from each other as an increase in the

Table 1. A comparison of the electrocatalytic water oxidation activities of PBAs reported in the literature.

Catalyst[a] Formula honset

[mV]
h1mA

[b]

[mV]
pH TOF

[s�1]
Tafel slope
[mV dec�1]

Prep method Ref

[Co-Fe] K2xCo(2�x)[Fe(CN)6] (0.85<x<0.95) N/A >600 7 2.6 � 10�3 at h= 305 mV
2 � 10�3 at h= 300 mV
0.5 at h = 550 mV

85–95 Electrodeposition [19]

[Co-Fe(CN)5-P4VP] Co1.5[Fe(CN)5P4VP] 360 510 7 2.6 � 10�3 at h= 284 mV 111 Precipitation + Spin-coating [48]

[Co-Fe][c] Co1.5[Fe(CN)6] N/A 500 7 N/A 91 Chemical etching of Co(OH)(CO3)0.5
[35]

[Co-CoIII] K0.38Co1.31[Co(CN)6] 283 565 7 5 � 10�2 at h= 400 mV 99 Precipitation + drop-cast [49]

[Co-CrIII] K0.41Co1.29[CrIII(CN)6] 303 598 7 5 � 10�3 at h= 400 mV 96 Precipitation + drop-cast [49]

[Co-FeIII] K0.31Co1.35[FeIII(CN)6] 323 717 7 4.4 � 10�3 at h= 400 mV 127 Precipitation + drop-cast [49]

[Co-FeII] K0.70Co1.65[FeII(CN)6] 343 1079 7 3 � 10�3 at h= 400 mV 121 Precipitation + drop-cast [49]

[Co-Fe]/Sb-SnO2 Co1.5[Fe(CN)6] 520 N/A 1 N/A Precipitation + spraying [52]

[Co0.9Fe0.1-Co] Co1.34Fe0.15[Co(CN)]6 303 569 7 2.6 � 10�3 at h= 295 mV 104 Precipitation + drop-cast [53]

[Co0.5Fe0.5-Co] Co0.75Fe0.75[Co(CN)]6 323 591 7 2.6 � 10�3 at h= 312 mV 104 Precipitation + drop-cast [53]

[Fe-Co] Fe1.5[Co(CN)]6 475 730 7 N/A 112 Precipitation + drop-cast [53]

[CoFe-isn] Co2[Fe(CN)5isn] 324 N/A 7 7.0 � 10�3 at h= 400 mV 146 Potentiostatic/cyclic deposition [51]

[a] In a given abbreviation, the metal ions coordinated to the nitrogen end of the cyanide group are given before the dash, and the ones after the dash
symbol represent the cyanometalate precursors. For pentacyanometal-based PBAs, the ligand connected to the iron site is given after metal sites. In all
PBAs, the oxidation state of the CoII ion is the precursor. [b] h1mA represents the overpotential (mV) at 1 mA cm�2. [c] Overpotential (mV) at 10 mA cm�2 is
760 mV.
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electron density of catalytic cobalt sites decreases the rate of
the former process and increases the latter one. The cyanide
stretching frequency (nCN) is monitored by infrared spectrosco-
py to evaluate the electron density of cobalt sites as nCN pro-
vides a rough comparison of the electron densities of PBAs.
The shift in the cyanide stretch to higher frequencies is well
correlated with the enhancement in water oxidation activity in
a series of CoM PBAs, which suggests that the nucleophilic
attack of the water molecule should be the rate-determining
step.

ii) Changing the cobalt precursor : Not only the cyanide pre-
cursor but also the nature and coordination environment of
cobalt ions play a critical role in the catalytic performance of
PBAs. As cyanometalates react rapidly with bare cobalt ions,
the growth of the PB structure can be controlled by employing
a cobalt precursor with a relatively low solubility product in
aqueous solutions. For this purpose, a Co(OH)x-coated FTO
electrode was reacted with a hexacyanoferrate solution to
afford CoFe PB cubic structures in the 50 nm to 1 mm range by
Gal�n-Mascar�s et al.[35] A surface concentration of above
100 nmol cm�2 is obtained with these electrodes whereas it is
only around 2 nmol cm�2 for the previously reported CoFe PBA
prepared with an electrodeposition method.[19] This method
also allows strong interfacial matching with the FTO surface
and PB structures, which leads to a significant enhancement in
the electrocatalytic activity (Table 1). Electrocatalytic water oxi-
dation studies were also performed on PBAs with the formula
Co3�xFex[Fe(CN)6]2 to elucidate the role of iron doping in two
different studies.[53, 54] Although the partial substitution of
cobalt sites with iron doping has no significant effect at rela-
tively low current densities, an enhancement at high current
densities (above 40 mA cm�2) was obtained mainly owing to
faster charge transfer kinetics.

2.2 Photocatalytic (PC) water oxidation

An ideal WOC should not only be efficient and robust but also
have matching energy level alignment with a visible-light ab-
sorbing component such as a photosensitizer (PS) or a semi-

conductor (SC). The HOMO level of a CoFe PB structure is gen-
erally placed at a slightly lower energy level than the water ox-
idation half potential, which makes it an ideal catalyst for pro-
spective water splitting cells.

A PS should have a lower HOMO level than that of CoFe
PBA for the efficient charge transfer between the PS and the
WOC. Once this is achieved, the hole created in the HOMO
level of the PS upon excitation can be transferred to the
HOMO level of PB to activate the catalytic site (Figure 4 a). An
electron scavenger (ES) in the electrolyte is necessary to con-
sume the electrons in the LUMO level of the PS, which pro-
vides its charge balance by accepting electrons from the water
oxidation process (Figure 4 b).

One of the well-known photosensitizer–electron scavenger
(PS/ES) couples, [Ru(bpy)3]2+/S2O8

2�, has been commonly used
in several studies to evaluate the photocatalytic performance
of PBAs.[47] The activities are generally reported through a TOF
value or a quantum yield (Table 2). It should be noted that, in
earlier studies, FeFe PBAs have also been observed to be
active under similar conditions, but with relatively lower activi-
ties.[55, 56] Recent studies have focused on understanding the
photocatalytic process in CoFe PBAs and tuning the activity by
changing the constituents of the cyanide network. For exam-
ple, the substitution of the [Fe(CN)6]3� component with
[Co(CN)6]3� or [Pt(CN)6]2� groups enhances the catalytic activity
of cobalt sites mainly owing to the above-mentioned electron-
ic effect through a short cyanide bridging group.[57, 58] Further-
more, the partial substitution of the hexacyanometal group
with a tetracyanometalate one such as the [Pt(CN)4]2� complex
also increases the number of active cobalt sites, which is also
reflected in the quantum yield (50 %). Unlike electrocatalytic
studies, a significant increase in the photocatalytic activity was
observed with the partial substitution of cobalt sites with iron.
(Fe0.75Co0.25)3[Co(CN)6]2 was observed to be around 50 % more
active than Co3[Co(CN)6]2, which is attributed to the stabilizing
effect of iron sites on the higher oxidation states of active cata-
lytic sites.[58] The role of counter cation, which is largely ignor-
ed in most studies, has been investigated by Fukuzumi and
co-workers.[59] Interestingly, they observed a remarkable in-

Figure 4. Schematic of (a) a general PC water oxidation setup including a PS, WOC, and ES in an electrolyte, and (b) the responsible PCET mechanism for PC
water oxidation with CoFe PBAs.
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crease in the quantum yield up to 200 % when a small quantity
of calcium ions (Ca/Co atomic ratio is 0.042) is incorporated
into the polymeric cyanide structure.

The Lewis acidity of calcium ions is assumed to play an im-
portant role similar to its effect in the natural photosynthetic
process. Although the proper energy levels and a long excited-
state lifetime of the Ru(bpy)3

2 + complex makes it one of the
most widely studied photosensitizers, it suffers from easy pho-
todecomposition, thereby limiting its use for long-term photo-
catalytic studies and scalable applications. Our group has
shown that the stability of a ruthenium pyridyl PS could be en-
hanced by immobilizing it within a PB structure by utilizing a
polymer as a bridging platform.[61] A non-ruthenium analog,
porphyrin PS/PB assembly was prepared later, which has a sim-
ilar TOF (3.2 � 10�4 s�1) and high stability similar to its rutheni-
um analogs.[60] It exhibits outstanding stability throughout a
3 h photocatalytic test and has the potential to be implement-
ed owing to its facile synthetic pathway. This finding also
paves the way for the development of robust and efficient het-
erogeneous PB-based dye-sensitized photoelectrodes for water
oxidation (see Section 2.4 for more detail).

2.3 Photoelectrochemical (PEC) water oxidation

Photocatalytic studies encouraged scientists to couple PBA-
based WOCs with proper SCs for the development of water ox-
idation photoanodes. One of the main criteria for the prepara-

tion of such a photoelectrode is the proper match between
the energy levels of different components. The PEC process is
initiated with the excitation of the electrons in the SC from the
valance band (VB) to the conduction band (CB). Then, once
there is a proper energy match, the electrons from the PB cata-
lyst are transferred to the SC VB, which leads to the oxidation
of cobalt sites to become active catalysts for water oxidation.
The expected PEC mechanism is slightly different from the
photocatalytic one, in which the electrons are transferred from
PB to the SC rather than the chromophore, and then to the
cathodic compartment, which is a standard Pt metallic elec-
trode (Figure 5 a). The proposed mechanism is similar to the
photocatalytic process, which is initiated by the utilization of
photons by the SC to yield electrons in the CB and holes in
the VB (Figure 5 b).

The holes are then transferred to the cobalt sites to activate
them for the water oxidation process. For an efficient charge
transfer, the VB of the SC should be placed at a slightly lower
energy level than the HOMO level of the PB. Furthermore, the
relative energy difference between the VB of SC and the
HOMO level of PB (DHOMO-VB) and that between the CB of SC
and the HOMO level of PB (DCB-HOMO) could be compared to
evaluate their performances. The effect of the energy level
alignment on the performance of PBA-coated semiconductors
is shown in Figure 6. To date, various SCs have been coupled
with PBAs to realize water oxidation photoanodes, as shown in
Table 3. All of the SCs studied up to now have lower VB

Table 2. Recent PB-based photocatalysts and their PC performances for the water oxidation process.

Photocatalyst Formula TOF [s�1] Quantum yield O2 evolved [mmol mg�1 h�1] Ref

[Fe-Fe] FeIII
4[FeII(CN)6]3 N/A 2 N/A [55]

[Co-Fe] Co3[Fe(CN)6]2 4.5 � 10�4 52 N/A [47]

[Co-Co] Co3[Co(CN)6]2 8.1 � 10�4 88 N/A [47]

[Co-CoPt] [CoII(H2O)2]n[CoIII(CN)6]0.63[PtII(CN)4]0.37 N/A 50 % 450 nm light N/A [57]

[Fe0.75Co0.25-Co] (Fe0.75Co0.25)3[Co(CN)6]2 N/A 6.9 N/A [58]

[Co-Co] Co3[Co(CN)6]2 N/A N/A N/A [58]

[CaCo-Co] Ca0.06CoII
1.44CoIII(CN)6 N/A 200 N/A [59]

[CoFe-TPyP] Co6[(Fe(CN)5)4-porphyrin] 3.2 � 10�4 N/A 2.2 [60]

[CoFe-Ru] Na0.96Co2.86[Fe(CN)5]2.13-[P4VP]6-[Ru(bpy)2]Cl2.29 4.5 � 10�4 N/A 1.85 [61]

[CoFe]@[CoCo] [CuII
1.5[FeIII(CN)6]@[CoII

1.5CoIII(CN)6] N/A N/A 2.05 [41]

[CuCo]@[CoCo] [CuII
1.5[CoIII(CN)6]@[CoII

1.5CoIII(CN)6] N/A N/A 1.5 [41]

[CoPt]@[CoCo] [CoII[PtIV(CN)6]@[CoII
1.5CoIII(CN)6] N/A N/A 1.5 [41]

Figure 5. Schematic of (a) a general PEC water oxidation setup, including a photoanode that consists of a SC and WOC immersed in an electrolyte, and
(b) the responsible PCET mechanism for PEC water oxidation with CoFe PBAs.
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energy levels than the HOMO of CoFe PBA. In the case of PB/
TiO2, the CB is located at closer proximity compared with the
VB, which results in poor PEC performance owing to electron–

hole recombination between the CB of SC and HOMO level of
PB.[68] In this case, the PB structure acts as a trapping center
that mediates the electron–hole pair recombination. A similar
scenario is also observed for PB/Fe2O3.[66] Gal�n-Mascar�s and
co-workers coated Fe2O3 nanowires with a thin layer of TiO2

and upon annealing at high temperature a shell layer of
Fe2TiO5 was formed. In this way, the energy levels (VB and CB)
of Fe2O3 shift upwardly for a better energy level alignment.[67]

This modification yields a photocurrent density of
1.25 mA cm�2 at 1.23 VRHE, which is almost one order of magni-
tude higher than the pristine Fe2O3 nanowires. BiVO4, on the
other hand, inherently has a proper band energy alignment
among the recently employed SCs in this field. Both CoCo and
CoFe PBAs enhance the photocurrent densities when they are
coupled to BiVO4.[63–65] Transient absorption measurements
reveal that a PBA coating enhances the performance by pre-
senting a favorable interface for efficient hole transfer, thereby
retarding recombination in the semiconductor, combined with
the catalytic function necessary to drive water oxidation.[62]

Pires et al. also examined the use of cobalt pentacyanofer-
rate derivatives with different auxiliary ligands (CoFe-L; L = CN,
NH3, isn, and mpz) on PEC performances of BiVO4 photoanodes
and investigated the effect of the ligand on the relative align-
ments of the band edges.[70] They observed that the modifica-
tion of Fe(CN)5 precursors lead to less unfavorable loss of
charge transport mobility and a favorable effect on the photo-
current generation compared with the hexacyanoferrate
analog. PBA-coated BiVO4 electrodes have also been coupled
with Au plasmonic nanoparticles to further enhance the pho-
tocurrent performance under neutral conditions.[69] The result-
ing plasmonic-catalyst hybrid design exhibits a photocurrent
density as high as 1.33 mA cm�2 at 1.23 VRHE. This study, in par-
ticular, shows that the diverse and facile cyanide chemistry
allows the incorporation of proper units into cyanide-based
photoelectrodes.

2.4 Dye-Sensitized photoelectrochemistry

In addition to the mechanisms proposed above, PB assemblies
have also been utilized to develop dye-sensitized water oxida-
tion photoanodes. In this assembly, the dye acts as a molecular
visible light absorbing material to generate electron–hole
pairs, as shown in Figure 7 a. The proposed mechanism in-

Figure 6. Schematic illustration of band energy levels for different CoFe PBA
incorporated SC photoelectrodes under neutral conditions, pH 7: (a) PB/TiO2,
(b) PB/Fe2O3, (c) PB/Fe2TiO5, and (d) PB/BiVO4. The ideal band alignment re-
quires a condition in which (DHOMO-VB) should be smaller than (DCB-HOMO). As
both PB/Fe2TiO5 and PB/BiVO4 meet this condition, they have less probability
of photoexcited carrier recombination (shown as a red cross) at the HOMO
level of PB compared with the other two systems.

Table 3. A summary of PEC performances of PB-based photoelectrodes.

Photoanode[a] j @1.23 VRHE [mA cm�2][b] Illumination Electrolyte Ref

[Co-FeIII]/BiVO4 �1.1 450 W Xe lamp; AM 1.5 solar filter ; 1 sun (100 mW cm�2) pH 7 (0.1 m KPi buffer)[c] [62]

[Co-FeIII]/BiVO4 0.92 450 W Xe lamp; AM 1.5 solar filter ; 1 sun (100 mW cm�2) pH 7 (0.1 m KPi buffer) [63]

[Co-CoIII]/BiVO4 �0.25 AM 1.5 solar filter ; (100 mW cm�2) pH 7 (0.2 m K2SO4) [64]

[Co-CoIII]/V2O5/BiVO4 �0.63 N/A; solar spectrum N/A: aqueous solution [65]

[Co-FeIII]/Fe2O3 �0.23 450 W Xe lamp; AM 1.5 solar filter ; 1 sun (100 mW cm�2) pH 7 (0.1 m KPi buffer) [66]

[Co-FeIII]/Fe2TiO5/Fe2O3 1.25 150 W Xe lamp; AM 1.5 solar filter ; 1 sun (100 mW cm�2) pH 1 (0.1 m NaNO3 + 0.1 m HNO3) [67]

[Co-FeIII]/TiO2 �0.5 300 W Xe lamp; AM 1.5 solar filter ; 1 sun (100 mW cm�2) pH 7 (0.1 m KPi buffer) [68]

[Co-FeIII]/BiVO4 1.33 300 W Xe lamp; AM 1.5 solar filter ; 1 sun (100 mW cm�2) pH 7 (0.1 m KPi buffer) [69]

[a] Assemblies are deposited on FTO-coated glass. [b] For those, which do not report potentials versus RHE, the potentials are converted as follows;
1.23 VRHE = 0.62 VAg/AgCl at pH 7. [c] A 0.1 m solution of potassium phosphate (KH2PO4) buffer at pH 7(�0.1).
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volves the excitation of the PS with visible light to yield charge
separation (Figure 7 b). In an ideal scheme, the electrons in the
excited state are then transferred to the CB of the SC, which is
positioned at a lower energy level compared with the LUMO
level of the PS. The holes, which are required for the water oxi-
dation process, are transferred first to iron sites and to catalytic
cobalt sites owing to their proper HOMO levels. Therefore, the
mechanism implies that iron sites that connect the PS to the
cobalt sites could participate also in the charge transfer pro-
cess.

Molecular and bulk synthetic approaches, both of which
have critical drawbacks, have been adopted to develop dye-
sensitized photoanodes. Our team has recently proposed a cy-
anide-based synthetic pathway to take advantage of the
strengths of both the molecular approach and the bulk one.[60]

In this pathway, the molecular units are connected in a step-
by-step fashion similar to the molecular approach, which forms
a bulk assembly in the final step. The method enables easy
control of the structure of the final product similar to the mo-
lecular-based approach. The synthetic protocol is much simpler
than that of molecular ruthenium ones as the bridging group
between the PS and WOC is a simple cyanide group, which
can bind to water oxidation catalytic cobalt sites easily in a
one-step reaction. The final bulk assembly exhibits superior
stability and a rigid framework under PEC conditions.

The PS and WOC units are connected through a Fe(CN)5

unit, which can easily coordinate to pyridyl-containing organic
molecules and polymers.[71–74] This strategy was first used to
build an amorphous polymer-bound PB electrocatalyst (Sec-
tion 2.1).[48] It is then utilized to develop a PS–WOC assembly,
which consists of a ruthenium chromophore incorporated into
a CoFe PB structure (Section 2.2).[61] We also employed this
method to incorporate a pyridyl-containing porphyrin deriva-
tive into a CoFe PB structure depicted in Figure 8.[60] Transient
absorption and computational studies indicate that the iron
site serves as an electron shuttle between the PS and WOC
units.

The realization of this versatile pathway prompted us to pre-
pare PB-based dye-sensitized photoanodes. As a proof of con-
cept, a phenazine-based chromophore, Janus Green B (JG),
was implemented to a PB structure and then coupled to TiO2

nanowires to develop the first entirely earth-abundant dye-

sensitized photoanode (CoFe-JG/TiO2).[68] In contrast to bare
JG, which decomposes easily under photocatalytic conditions,
JG in CoFe-JG/TiO2 retains its structural integrity. Moreover, a
photocurrent density of around 60 mA cm�2 was achieved at
1.23 VRHE for 2 h under white light coupled to a 420 nm filter.

Another example of a phenazine incorporating derivative as
the organic PS is a CoFe PB with Safranin (SF) assembly coated
over a visible light absorbing semiconductor, WO3.[75] CoFe-SF/
WO3 exhibits a record photocurrent density of 1.3 mA cm�2 at
just 1.23 VRHE, which demonstrates that the easy modification
of components in PB-based dye-sensitized photoanodes paves
the way for the development of scalable and high-per-
formance water splitting cells.

An interesting feature that we observed in this line of re-
search is the function of the metal site, particularly the iron
site in the cyanometalate group. As shown in Figure 9, the cya-
nometalate group site was used merely as a bridging group
(linker) in the majority of the studies. Despite the easily acces-

Figure 7. Schematic of (a) a general dye-sensitized PEC water oxidation setup, including a photoanode that consists of a SC and WOC immersed in an electro-
lyte, and (b) the responsible PCET mechanism for PEC water oxidation with CoFe PBAs.

Figure 8. (a) The illustration of a Prussian blue (PB)-based dye-sensitized
water oxidation photoanode, in which a PB layer incorporating a PS-WOC as-
sembly is coated over a semiconductor (SC). PB-based PS-WOC assemblies :
(b) PVP: poly(4-vinylpyridine), Ru-PS: ruthenium photosensitizer ; (c) TPyP:
tetrapyridylporphyrin; (d) JG: Janus green B; (e) SF: Safranine O; (f) PP: 4-
(pyridyl)pyridinium cation.
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sible Fe2+ /3 + redox process in PBAs, the electronic effect of the
iron site was overlooked and the main attention was directed
on the cobalt site. Nevertheless, both electrocatalytic and pho-
tocatalytic studies, which indicate that CoCo PBAs exhibit rela-
tively higher activities than CoFe PBAs, clearly point out the
electronic effect of the cyanometalate group on the catalytic
activity of the cobalt sites.

The effect of the iron site is also evident when a chromo-
phore is directly coordinated to CoFe PBA structures. An or-
ganic PS could be implemented into the PB structure by using
an unconjugated bridging platform as in the case of CoFe-
PVP-RuPS.[61] When it is connected directly to the iron site, as
in the CoFe-TPyP system, the ground states of the pentacya-
noiron(II) and porphyrin groups, which are close in energy, are
mixed to form a HOMO comprising Fe d and porphyrin p orbi-
tals.[60] We observed similar behavior when a phenazine-based
chromophore, JG, is connected to the iron site to build a
CoFe-JG/TiO2 photoanode for water oxidation.[68] The simplicity
and diversity of this methodology allow for the easy modifica-
tion of components to enhance PEC performance. The electron
transfer utilized in these systems constitutes a combination of
ligand-to-ligand charge transfer (LLCT), the common feature

observed in organic chromophores, and a metal-to-ligand
charge transfer (MLCT), which is a characteristic feature for a
metal PS.

In a recent study, we utilized a transparent organic ligand to
rule out the LLCT in the charge transfer process. When a pale-
yellow solution of [Fe(CN)5(NH3)]3� is mixed with a colorless 4-
(pyridyl)pyridinium solution (PP+), the solution turns into an in-
tense dark-red color thereby indicating the formation of a
push–pull iron chromophore, Fe-PP. The donating ability of the
FeII ion surrounded with a five-electron-donating cyanide
group and the electron ability of a cationic organic ligand
form a donor–acceptor type iron chromophore.[76–82] The cya-
nide ligand plays an important role in this assembly as the
strong-field cyanide ligand increases the octahedral splitting
and pushes the undesired metal-centered (MC) orbitals to
higher energy levels to avoid possible deactivation pathways,
which can compete with the MLCT transition.[83–87] Upon coor-
dination of the iron complex to cobalt ions, the deactivation of
MC pathways enhances the excited state lifetime of the iron
chromophore above an order of magnitude compared with
the uncoordinated complex.[88] Furthermore, the short cyanide
group mediates the electron transfer from the cobalt site to
the iron site and then to the organic ligand. TiO2/CoFe-PP,
which marks the first example of an iron chromophore utilized
water oxidation photoanode, reveals that the iron site can also
be promoted to a chromophore.

3. Summary and Outlook

In this review, we identify the key structural parameters in
CoFe PBAs, including the role of each component to the cata-
lytic performance to expand our understanding of PB-based
water oxidation catalytic assemblies. As the linear coordination
of a cyanide ligand to metals allows for the prediction of the
structure of the final product and the establishment of a struc-
ture and activity correlation, PBAs provide an ideal platform for
both fundamental and performance applications.

These materials have been comprehensively studied owing
to their superior chemical and physical properties, such as
being entirely earth-abundant, having exceptional stability in a
wide pH range (1–13), and simple synthetic routes compared
with other common WOCs. Various high-performance materials
could be derived from nanostructured PB and PBAs. To utilize
them for photocurrent generation, they have been coupled
with light-absorbing components including photosensitizers
and semiconductors, such as TiO2, Fe2O3, Fe2TiO5, BiVO4, and
WO3. These studies point out that each component in the PB
structure plays an important role in the catalytic activity. For
example, tuning the counter cation enhances the quantum ef-
ficiency up to 200 % under photocatalytic conditions. The cya-
nometalate group can be altered not only to enhance the sur-
face concentration but also to increase the TOF of catalytic
cobalt sites (synergistic effect). The concentration of cobalt can
be diluted by the partial substitution of cobalt sites with rela-
tively low-cost metal ions such as iron and copper. These strat-
egies could be combined to develop efficient PB-based photo-
anodes.

Figure 9. Road map for PB-based water oxidation systems that shows the
role of the cyanometalate group in various water oxidation processes includ-
ing EC, PC, and PEC. Studies highlighted here are as follows: CoFe,[19, 35]

CoM,[49] CoFe + Ru,[47] CoPt + Ru,[57] CoCo + Ru,[58] CaCo-Fe + Ru,[59] CuCo@Co-
Co + Ru,[41] CoFe/BiVO4,[63] CoCo/BiVO4,[64] CoFe/AuNPs/BiVO4,[69] CoFe-L/
BiVO4,[70] CoFe/Fe2O3,[66] CoFe/Fe2TiO5,[67] CoFe-PVP,[48] CoFe-isn,[51] CoFe-Ru,[61]

CoFe-TPyP,[60] CoFe-JG/TiO2,[68] CoFe-SF/WO3,[75] CoFe-PP/TiO2.[88]
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It should be noted that the catalytic activity of PBAs is
highly dependent on the synthetic approach, chemical compo-
sition, and crystallinity. Electrical conductivity decreases as the
thickness of the PBA layer increases thereby resulting in high
overpotentials and low catalytic efficiency. The optimum syn-
thetic conditions for the ideal thickness and morphology of
PBAs should, therefore, be explored systematically by using
the strategies discussed throughout this review.

Co-based PBAs have been the main focus as other metal
ions exhibit poor activities under either electrocatalytic and/or
photocatalytic activities. The investigation of non-cobalt PBA
coupled with proper SCs could be an interesting venue to elu-
cidate the effect of band energy alignment in semiconductor/
catalyst photoelectrodes. On the other hand, decreasing the
cyanide number either in the iron PS case or the integration of
PB into an organic chromophore case can be advantageous
when they are combined with semiconductors that are ob-
served to exhibit poor performance with regular CoFe PBAs. In
this respect, the utilization of CoFe PBAs can be extended in
several different promising directions. It is then clear that a lot
is still waiting to be discovered. Further research in these areas
will accelerate the development of new, stable chromophores,
catalysts, and their combinations (dyads, triads, etc.). Opportu-
nities can come with challenges, but recent advances in the
field indicate that PBAs hold the potential to play a significant
role in developing scalable and efficient water splitting cells.
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