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This review focuses on the electrosynthesis, in situ characterization, and technological
applications of Prussian blue analogues with the generic formula AyMy[Fe(CN)g]i*mH-0,
where h, k, I, and m are stoichiometric numbers, A = alkali metal cation, and M is a transition
metal. Six such metal hexacyanoferrate (MHCF) compounds derived from Cu, Pd, In, V, Co,
and Ni are featured in this article against the backdrop of the Prussian blue parent compound
itself and other related compounds. The use of cyclic voltammetry and complementary
techniques including scanning probe microscopies, quartz crystal microgravimetry, and ac
impedance spectroscopy, for studying the growth of MHCF films on targeted substrates, is
discussed. Spectroelectrochemical in situ characterization of these films in the UV—visible
and IR regions is then reviewed. Finally, the use of Prussian blue and its analogues in devices
for displays and “smart” windows, photoimaging, environmental remediation, chemical/
biological sensing, energy conversion, and magneto-optic/opto-magnetic switching is de-
scribed. Electrocatalysis of targeted reactions and structural changes upon ion uptake by

the MHCF compounds constitute the other topics in this review.

1. Introduction and Scope of Review

Transition metal hexacyanoferrates of the general
formula AnMg[Fe(CN)g]i-mH20 (h, k, I, m = stoichio-
metric numbers, A = alkali metal cation, M = transition
metal ion) (Table 1) represent an important class of
mixed-valence compounds, of which Prussian blue or
iron(l111) hexacyanoferrate(ll) (with A=K and M = Fe
in the above generic formula) is the classical prototype.
Aside from their interesting solid-state chemistry and
structural attributes, these compounds have garnered
intense recent interest because of their electrocatalytic,
electrochromic, ion-exchange, ion-sensing, and photo-
magnetic properties. While the electrochemistry and
applications of Prussian blue itself have been rather
extensively discussed,’2? only recently have the other
transition metal analogues begun to receive attention.

In this review, we present a comparative discussion
of the growth, in situ characterization, and applications
of the Cu, Pd, In, V, Co, and Ni analogues. Our choice
of these particular compounds for this review is simply
motivated by the burgeoning literature on their applica-
tions, and by our own studies on them. After a primer
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on their solid-state chemistry, the growth of thin films
of these compounds on targeted substrates is briefly
discussed. In situ postdeposition characterization of
these films, mainly by voltammetry, scanning probe
microscopies, ac impedance spectroscopy, and spectro-
electrochemical methods, is then reviewed. Finally,
recent studies focusing on practical applications of these
materials are discussed. The references cited in each
instance are representative rather than comprehensive.
The chemistry of mixed-valence compounds has been
extensively discussed by previous authors.1=6 The struc-
tural aspects and electrochemistry of Prussian blue
itself have been previously reviewed.”® Many of the
compounds addressed in the present review have been
described in terms of their electrochromic properties.2
Finally, the magnetic properties of Prussian blue ana-
logues have also been discussed.® Every attempt has
been made to avoid redundancy between these earlier
treatments and the present review, while unavoidable
areas of overlap will be highlighted in what follows.

2. Solid-State Chemistry and Electrochemistry
of Metal Hexacyanoferrates

Metal hexacyanoferrates have a face-centered cubic
lattice (unit cell length: ~10.2 A) with octahedral co-
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Table 1. Compound Stoichiometries and Metal Oxidation
States in Prussian Blue (MHCF) Analogues

M, Fe
formal
metal formula M:Fe ratio oxidation state?
copper K2Cus[Fe(CN)g]2 3:2 I, 1
Cus[Fe(CN)¢]2 32 I, 11
palladium K;Pds[Fe(CN)sl2 3:2 I, 1
Pds[Fe(CN)g]2 3:2 1, 1
K2Pd[Fe(CN)e] 1:1 I, 1
KPd[Fe(CN)e] 1:1 I, 1
indium Ins[Fe(CN)s]s 4:3 1,
KIns[Fe(CN)s]3(SO4)2 4:3 1, 1l
KIn[Fe(CN)e] 1:1 1,
In[Fe(CN)g] 11 1, 1
vanadium Kjz(VO)s[Fe(CN)g]2 3:2 I, 1
(VO)3[Fe(CN)e]2 3:2 I, 1
K3(VO,)3[Fe(CN)g]2 3:2 1
K1.4(VO)1.3[Fe(CN)e] 4:3 1, 1
K0.4(VO)1.3[FG(CN)6] 4:3 “, 11
cobalt K2Cos[Fe(CN)s]2 3:2 I, 1
Cos[Fe(CN)e]2 3:2 I, 1
K1_4001_3[FE(CN)6] 4:3 ||, 1]
Ko_4COl_3[Fe(CN)6] 4:3 I, 11
K2Co[Fe(CN)e] 1:1 I, 1
KCo[Fe(CN)g] 1:1 1, 1m
Co[Fe(CN)g] 1:1 1, 1
nickel K2Niz[Fe(CN)el2 3:2 1, 1
Nis[Fe(CN)s]2 3:2 1, 1
K2Ni[Fe(CN)g] 1:1 I, 1
KNi[Fe(CN)s] 1:1 I, 1

a The oxidation state, in the case of vanadium, refers to oxygen-
bonded species rather than the “free” metal cation; see text.

ordination of the M and Fe ions by —N=C and —C=N
ligands, respectively.%11 The alkali metal cations, A
(which provide charge compensation), are located in the
tetrahedral sites?? in these structures, which may also
contain coordinated water molecules and anions in some
cases. Representative structures and the corresponding
compound stoichiometries are contained in Figure 1 for
M and Fe in the +2 and +3 oxidation states, respec-
tively. Table 1 provides a listing of the electrochemically
relevant compounds along with the corresponding M:Fe
stoichiometries and formal oxidation states of the M and
Fe sites for the six metals considered in this review.

A change on the M oxidation state from +2 to +3
brings about a contraction of the M octahedral coordina-
tion manifold. This in turn manifiests as a decrease in
the unit cell dimension—a trend particularly well-
exemplified by the CoHCF compound system. In con-
trast, the octahedral coordination geometry is not
significantly perturbed in size by the Fe oxidation state,
as borne out by the similarity between the unit cell
parameters of K4 Fe(CN)g] and Ks[Fe(CN)g], respec-
tively.*

In the case of the vanadium analogue, X-ray photo-
electron spectroscopy (XPS) and IR evidence34 support
the presence of VO?* (vanadyl) ions in the compound
structure. This would imply an octahedral coordination
environment for the vanadium metal sites in which one
of the six bridging CN ligands is occupied by a terminal
oxygen. On the other hand, the measured V:Fe ratio of
1.5 4 0.03'* suggests a trend in the vanadium system
that is common with the Cu, Pd, In, Co, and Ni
analogues (Figure 1 and Table 1). Contrasting with an
earlier study,!® evidence has been presented!* for redox

Chem. Mater., Vol. 15, No. 16, 2003 3047

7 2 @m | M/Fe=3/2
W N He
i 5, MI,[Fell(CN)],
HAH
(A = ‘f <
iy e
HH 3 H’
M/Fe=4/3 | wmp ¥ f
Ag MU 5[Fe(CN)4] c,N_I; <:"<—"?°
4m | MFe=1.0
AMI[Fel(CN),]
C=N
oM @ Fe Y mo At

Figure 1. Unit cell representation of M3[Fe(CN)slz, AgsM13-
[Fe(CN)e], and AM[Fe(CN)g]. The A* cations are located in the
cell interstitial sites, and the cyanide groups are between M
and Fe but have been largely omitted in this representation
for the sake of clarity.

transitions in this compound to involve only the Fe sites,
leaving the VOZ2T sites intact. There are exceptions to
this trend as noted later in this review. The simplified
notation, VHCF, is used below with the implication that
the vanadium metal cation is not present in the “free”
state.

Mixed metal hexacyanoferrates have been prepared
both as thin films and bulk precipitates (powders), as
exemplified by the following compound: Kj 74— 2Pdy!'-
Niy13'"[Fe''(CN)e] (where y < 0.72).15 Rather than simple
incorporation of Pd2* at interstitial lattice positions, it
has been hypothesized that, at higher Pd?* levels in
solutions, palladium ions occupy nominally Ni positions
in a —N=C coordinated environment.®> Similar Ni/Co
hybrid hexacyanoferrate networks have also been de-
scribed.6

By tuning the oxidation state of the iron sites, it has
been shown that the Ni or the In analogues behave
either as redox-conducting solid electrolytes or as
semiconductor/insulator materials.!’” Thus, the fully
oxidized or fully reduced form of the Ni analogue shows
the voltammetric profile of an insulator. On the other
hand, the mixed-valence form containing both Fe'' and
Fe'"' redox sites shows semiconductor behavior. These
data underline the fact that the interplay between
electron and ion fluxes depends on the openness of the
structural network to ion motion and to factors such as
hydration. Indeed, electron diffusion in wet and dry
Prussian blue films has been interrogated on interdigi-
tated array electrodes.’® Other evidence from dc con-
ductivity measurements shows a predominantly site-
wise electron-hopping mechanism in truly dry Prussian
blue and substituted metal analogues.® Uptake of water
provokes ionic conductivity in the system, and to the
extent that electron hopping is coupled with ion motion
to preserve local charge neutrality, hydration of the
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Figure 2. Cyclic voltammograms recorded during the growth
of VHCF films on platinum substrates. The electrolytic solu-
tion consisted of 1 x 1073 M K;3[Fe(CN)s] + 1 x 1072 M NaVO;
in 3.6 M H,SO, + 0.2 M K3;SO,4. The platinum electrode was
kept polarized at 1.2 V in 3.6 M H,SO,4 + 0.2 M K;SO, during
the addition of the film precursor species to avoid incipient
chemical coagulation of VHCF on the electrode surface. 50
potentiodynamic growth cycles at 100 mV s™.

material becomes an important factor in its overall
charge transport behavior.17:20

Other aspects of the solid-state chemistry of metal
hexacyanoferrates (including that of the parent,
Prussian blue) have been discussed by previous
authors_l—S,lO,ll, 21

3. Electrosynthesis

Prussian blue itself has been prepared by both chemi-
cal?223 and electrochemical?42> methods. Here, we will
confine our discussion mostly to supported films of the
metal hexacyanoferrate (MHCF) compounds. The most
common strategy for electrosynthesis involves poten-
tiodynamic cycling between pre-set potential limits of
the working electrode in a supporting electrolyte con-
taining both the metal ion (M"*) and ferricyanide
species. The metal ion can be dosed in situ into the
growth medium from an active metal anode. This
method has been used for the growth of the copper?®
and nickel?”=2° analogues. In other instances inert
substrates such as glassy carbon, graphite, platinum,
or gold are used. In these cases, the metal ions are added
to the ferricyanide-loaded supporting electrolyte. Po-
tentiodynamic cycling then instigates in situ precipita-
tion of the (insoluble) MHCF compound on the inert film
substrate surface. For applications wherein optical
transparency of the entire film assembly is desired,
conducting transparent oxide supports such as tin-doped
indium oxide or F-doped SnO, glass may be used.

Figure 2 contains representative cyclic voltammo-
grams, signaling the growth of a VHCF film on a Pt
substrate. Other than voltammetry, electrochemical
quartz crystal microgravimetry (EQCM)3031 affords a
sensitive probe of the mechanistic details associated
with MHCEF film growth. Such measurements have been
described, for example, for INHCF32 and NiHCF33 dur-
ing film growth. Elemental analysis via atomic spec-
troscopy and XPS provides confirmation of the identity
of the specific compound that has been deposited. The
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Figure 3. Cyclic voltammograms recorded during the growth
of an InHCF film on a gold substrate using an extended (a)
and a restricted potential window (b). Solution composition:
5 x 1074 M K3[Fe(CN)g] and 2.5 x 107* M Inx(SO4)3 in 0.5 M
K>S0, of pH 2. 50 potentiodynamic growth cycles at 50 mV
s™L

M:Fe atom ratio is a useful parameter in this regard
(Table 1), as has been shown, for example, for the In,3*
V,14 Co,% and Ni%6 analogues. Mossbauer studies have
been reported3” for CoOHCF wherein the Fe'"''' mixed-
valent state was induced by ozonation. A very broad new
line for the mixed-valent state was detected.®’

The stoichiometric composition of the MHCF films
prepared by electrosynthesis depends not only on the
potential window but also on the number of potentio-
dynamic growth cycles used. This is well-exemplified by
the INHCF system.32:38 Broader growth cyclic voltam-
metry profiles were discerned under “extended potential
window” (EPW) conditions relative to the “restricted
potential window” (RPW) case.®® This is shown in Figure
3. The EPW film also grew at a faster rate compared to
its RPW counterpart; compare the ordinate current
scales in the two cases in Figure 3. These differences
were rationalized on the basis that, apart from the 1:1
(In:Fe) compound stoichiometry (Table 1), the 4:3 com-
pound is also formed under the EPW condition.38 In the
CoHCF system, XPS data show the Co:Fe ratio in the
film to increase with the film thickness, that is, with
increasing number of growth cycles.3%

Another striking example of the sensitivity of film
morphology to the growth history is provided by the
cyclic voltammetry and atomic force microscopy data in
Figures 4 and 5, respectively, for the CoHCF system.3°
The three cases shown differ in the adjustment of the
initial coagulation period prior to the electrosynthesis
step and the extent of passivation of the gold substrate.
Note that in the last case (Figures 4c and 5c) there is
virtually no in situ precipitation when the potentiody-
namic growth cycle is initiated. With a 20-min coagula-
tion period (Figures 4b and 5b), the voltammetry profile
is diagnostic of substantial CoHCF formation already
when the potentiodynamic growth cycle is initiated
(Figure 4b). The film morphology is roughest in this case
(Figure 5b). The corresponding ac impedance spectros-
copy (ACIS) data of the CoHCF films in the three
instances also exhibit interesting differences.®® For
example, Figure 6 compares the ACIS profiles for a thin
and a thick CoHCF film. The model simulations (shown
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Figure 4. Cyclic voltammograms recorded during the growth of CoHCF films on gold substrates using 1 x 1073 M Kz[Fe(CN)g]
+ 1 x 1073 M Co(NO3), mixed in deoxygenated 1 M KNOs. 30 potentiodynamic growth cycles at 50 mV s™1. (a) Electrochemical
thin film (6 = 80 nm) on nonprotected gold, (b) chemical thick film (6 = 320 nm) (20 min at open circuit in precursor solution),
and (c) electrochemical thick film (6 = 335 nm) on electrochemically protected gold.

as asterisk marks in the fits to experimental data in
Figure 6; these are described in detail in ref 39) indicate
a larger number of resistance and capacitance (RC)
relaxations in the thicker film—a trend that is in good
agreement with the cyclic voltammetry and spectroelec-
trochemical data.

A method that is potentially applicable to the prepa-
ration of multilayers of MHCFs with different metal
analogues has been described.*° Self-assembly of mer-
captopropionic acid was followed by subsequent attach-
ment of CUHCF to the thiol and carboxylate function-
alities of the template layer.*® Multiple sequential
adsorption of metal ions and hexacyanometalate anions
was also used to deposit several MHCF analogues on
solid supports with monolayer precision.*42 Other
studies oriented toward the preparation of Langmuir—
Blodgett films of Prussian blue are exemplified by ref
43. Highly ordered Prussian blue nanowire arrays
(nanowire diameter: ~50 nm; length: up to 4 um) were
fabricated** using electrodeposition in an alumina (alu-
mite) template.*® Finally, CUHCF (and other magnetic
compounds) were prepared on the nanometer-size scale
by controlled coprecipitation involving mixtures of
water-in-oil microemulsions.*6

Metal hexacyanoferrate compounds can also be mated
with semiconductor particles.*” In the electrosynthetic
approach, the growth medium is simply dosed with the
semiconductor particles to the desired level (usually in
the range of several mg/L). Alternately, a single-crystal
semiconductor surface can be coated with MHCF via
electrodeposition, as demonstrated for n-TiO,*® and
n-SrTiO3.4° A variant of this approach involves the use
of polycrystalline semiconductor films on which the
MHCEF layer is subsequently coated.5°-52 Finally, metal/
semiconductor (M/S) composite coatings can be subse-
guently derivatized by exposing them to ferricyanide.53—55
The M component in the composite is converted in situ
to the corresponding MHCF layer (see above) in this
manner. The example contained in Figure 7 for the
INHCF case illustrates that (a) the morphology of the

TiO; film is sensitive to the presence of In islands in
the composite and (b) the presence of In has a “catalytic”
influence on INHCF film growth (cf., the growth profiles
in Figures 3a and 7b).

Applications of the above composites in electrochro-
mic, photochromic, and photocatalytic applications will
be discussed later in this review. The reader is also
referred to other studies!®1456-61 for further details of
MHCF film growth by electrochemical methods.

4. Redox Transformations and lon Fluxes

Once the MHCEF layer is grown on a targeted surface,
the chemically modified electrode assembly can be
transferred to a medium containing only the supporting
electrolyte. Subsequent cyclic voltammetry reveals one
or more reversible waves, signaling redox processes of
the MHCEF layer. The complexity of this voltammogram
depends on the particular system, and how many
compound stoichiometries (Table 1) are inherent in the
deposited layer, but particularly clean profiles are seen
for the Cu and In analogues (the latter under a
restricted potential window growth condition, see above)
as shown in (a) and (b), respectively, of Figure 8. Note
that the voltammetry waves in this figure are sharp and
symmetrical and have no diffusion tail in either positive-
or negative-going cycles. Further, the peak potential
separation is close to zero in both the cases. These
trends are diagnostic of the surface-confined location of
the MHCF redox process.5263

Pertinent here is the influence of counterion motion
on the voltammogram profiles. Recall that alkali cation
flux in to and out of the MHCEF layer is critical to main-
taining local charge neutrality during film redox.3 Even
early studies®#65 on this topic revealed the sensitivity
of the voltammetry profiles to electrolyte cations. For
example, the introduction of Cs* caused multiple wave
formation in the NiHCF system; interestingly, changing
the supporting cation from one to another and then back
to the first reproduced the original cyclic voltammo-
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Figure 5. Atomic force microscopy images (taken in noncontact mode) of three CoHCF films on gold that were prepared according

to details provided in the caption in Figure 4.

gram.%4 The redox reaction in CUHCF was seen to be
faster in an ammonium-ion-containing medium than in
K*-containing electrolytes.®®> Nernstian semilog plots of
peak potentials versus the ammonium ion concentration

were also presented in this early study.®® Similar data
exist for K*, NH4*, or Na* ions in the CuHCF and
CoHCF systems.66768 The analytical implications of
these data are deferred to a subsequent section.
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Figure 6. ac impedance spectroscopy data presented in the form of Nyquist plots for a thin (Figure 6a) and thick (Figure 6b)
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are acquired at open-circuit.

Loss of electroactivity has been observed for Rb*- and
Cs*-containing electrolytes when CoHCF films are
voltammetrically cycled.61-6° These changes in electro-
activity were attributed to the rather large hydrated
radii of Rb™ and Cs* ions and inhibition of their ingress/
egress in to/out of the MHCF framework. Similar
voltammetric “passivation” of the CoHCF film in Li™-
containing electrolytes has been attributed to the large
hydration sphere of Li* cations.5! The formal potentials
of CoHCF films were measured for Li*-, Na*-, K*-, and
Cs'-containing electrolytes and were found to correlate
well with the sizes of the hydrated ions.” lon perme-
ability in an InHCF film was reported to follow the order
Nat > KT > NH4" > Li* in two separate studies.”>7?
Cyclic voltammograms were presented for NiHCF films
in 13 different cation-containing supporting electro-
lytes.60 Other voltammetric studies pertaining to the
effect of electrolyte cations include ref 73 on CoHCF.
Once again, the ACIS technique provides a sensitive

probe of the counterion fluxes in MHCF. Figure 9
contains a comparison of the ACIS profiles for CoHCF
in Na'-, K-, and Rb*-containing electrolytes. Exchange
current densities can be extracted from model simula-
tions of these data® and are 15.2, 6.9, and 0.12 mA cm—2
for the three counterions, respectively. Clearly, the
hydrated radii play a critical role in the ease of transport
of these ions in/out of the MHCF framework.

The EQCM probe affords another sensitive in situ
probe of the ion fluxes during MHCF film redox. This
is exemplified by measurements on InHCF,%8 Co-
HCF,50.70 and NiHCF.6%74 The probe beam deflection
technique was employed for monitoring ion transport
during redox of INHCF surface layers.” The principal
charge-compensating ions were shown’® to be cations
(but see below). X-ray absorption near-edge structure
(XANES) experiments indicate that the chemical envi-
ronment of Co(ll) sites are influenced by the presence
of hydrated alkali metal counterions.”® Finally, oxida-
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Figure 7. SEM micrograph of an In—TiO, composite film grown on a gold substrate (Figure 7a) and the corresponding growth
of a top layer of INHCF by repetitive cycling in a solution containing 5 x 104 M Kz[Fe(CN)g] and 2.5 x 104 M Iny(SQO4)3 in 0.5
M K,SOy (pH 4.5) (Figure 7b). 30 potentiodynamic growth cycles at 50 mV s™*. A schematic illustration of the In—TiO, composite
film derivatized with InHCF is shown in the top left side of this figure.
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Figure 9. ac impedance spectroscopy profiles for COHCF in contact with Na*, K*, and Rb" ion-containing electrolytes. All ions
are at 0.1 M. Other experimental conditions and details as in Figure 7.

tion state profiles in NiHCF-derivatized electrodes were
mapped with the use of line-imaging Raman spectros-

copy.’®

While alkali cations are the principal charge-compen-
sating species during redox of MHCF films, radiotracer
evidence on InHCF points toward contributions from



Reviews Chem. Mater., Vol. 15, No. 16, 2003 3053
Scheme 1
Ke
,_ D e ——
Fe(Il), M(11) «——= Fe(ll), M(ID)
| K,Cu,[Fe(CN)y|; 2119 cm”! | | Cuy|Fe(CN),J; 2179 em! |
| K,Ni;|Fe(CN);]; 2114 cm” | | Nig|[Fe(CN),); 2165 em”! |
| K,Pd;[Fe(CN)J; 2110 cm”! | | Pd,[Fe(CN)g), 2130 cm’! |
| K,Coy|Fe(CN);] 2105 ¢cm”! | | Coy|Fe(CN)gl, 2155 em! |
K e Kt e
Fe(II), M(II) — %  Fe), M(I) P — Fe(I11), M(I)
[ K,(VO),[Fe(CN),l, 2103 cm | [ (VO);[Fe(CN)gl, 2170 em™ | | K;3(VO,);|Fe(CN)|, |
Khe K*, e
Fe(11), M(I1) ——=  Fe(ll), M(111) ————=  Fe(ll), M(I1I)
| Ing|Fe(CN)l; 2100 em! | | Klny|Fe(CN),l; (S0,), 2120 cm! |
| K,,Co,;[Fe(CN);] 2087 cm’! | | K,.4Co, 5[Fe(CN)g] 2113-2130 cm™! |
Koe
Fe(IT), M(II) «—————®  feam,man
[ K, {(VO), 5| Fe(CN),] 2097 cm' | | Ky.(VO),3[Fe(CN),] 2135 cm! |
K e
Fe(II), M(II) «—————>  Feam, M@
[ K,Ni[Fe(CN),] 2090 cm! | | KNi[Fe(CN),] 2172 cm™ |
| K,Pd[Fe(CN);] 2075 cm | | KPd[Fe(CN)g| 2180 cm"! |
K e K e
Fe(IT), M(IT) P m— 1 V1111 - — ¥ 11 Y1111}
| K,Co[Fe(CN),| 2087 cm’! ‘ lKCo|Fe(CN)6]2I20-2I25cm" | | Co[Fe(CN),] 2200 cm™ |
| KIn[Fe(CN),] 2130 cm”! | | In[Fe(CN)g] 2187 cm |
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anion fluxes as well.58 This manifests mainly for the
M:Fe 4:3 compound stoichiometry (see also Table 1).
Anion fluxes are also shown both by survey XPS scans
and quantitative assays for S (arising from sulfate
anions) in the InHCF system.38 Similar behavior ap-
pears to hold in the vanadium case.'* Interestingly, the
probe beam deflection technique indicated a contribu-
tion to anion fluxes in INHCF of only <7%, at least for
film potentials below 0.9 V (versus saturated calomel
electrode reference).” The double injection of electrons
and cations was also studied by monitoring time-
resolved changes in the optical reflectivity of Prussian
blue-modified Pt disk electrodes during galvanostatic
reduction of the film.””

Scheme 1 provides a compilation of the redox trans-
formations and the corresponding compound composi-
tions for the various members of the MHCF family. This
scheme was synthesized from the cyclic voltammetry,
ACIS, and spectroelectrochemical behavior of the vari-
ous MHCF compounds. The ion-exchanger application
that is suggested by the above discussion for these
compounds is deferred to a subsequent section of this
review. The issue of ion uptake and changes in the
MHCF compound architecture will be further discussed
in that section.

5. Spectroelectrochemistry

Spectroelectrochemistry combines two powerful tech-
niques, namely, spectroscopy and electrochemistry, for

studying the changes occurring during redox of the test
system.”®82 Thus, oxidation states can be changed
electrochemically by addition or removal of electrons at
an electrode while spectral measurements on the elec-
trode surface or on the solution adjacent to the electrode
or within a thin-layer cell are made simultaneously.
Importantly, this combined approach obviates a key
shortcoming of electrochemical probes associated with
their chemical nonspecificity.®3 In this section, the
application of IR and UV—visible spectroelectrochemical
probes to the MHCF system will be reviewed.

Infrared and Raman spectroscopies are sensitive
and versatile probes of the cyanide group stretching
vibration region (ca. 2000—2250 cm™1) in the MHCF
family.21.2%84-87 The corresponding IR signatures for the
various compounds of interest here are listed in Scheme
1. Ex situ diffuse reflectance Fourier transform (FT) IR
data were presented for NiHCF in an early study,?® and
the virtues associated with acquiring the spectra in situ
in an electrochemical cell (i.e., in a spectroelectrochemi-
cal experiment) were pointed out by these authors. We
will now present more recent examples drawn from our
own studies on the MHCF compounds.

The following data in Figure 10 were obtained in the
reflectance mode and the output was examined as the
normalized difference between the signal at a given
potential and that from the electrode without the MHCF
film taken as reference, Ry, that is, R/Rref = (R — Ryep)/
Rrer. The changes in the spectral bands as the applied
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Figure 10. In situ infrared reflectance spectra of five MHCF compounds. All spectra were obtained at stepwise increasing potentials that are indicated in each set of spectra. (a)
CUHCF in 0.5 M K3SO4, (b) INHCF in 0.5 M K;SO4 (pH 2) and for EPW conditions, (¢) PAHCF in 1 M KCI (pH 2.5), (d and e) CoHCF thin (surface loading, I' = 6 x 108 mol/cm?)
and thick film (I = 2 x 1077 mol/cm?), respectively, and in M KNOj3, and (f) VHCF in 3.6 M H,SO; + 0.2 M K,SO,.
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Figure 11. Peak areas of deconvoluted infrared bands as a
function of potential for CuUHCF (Figure 11a) and CoHCF
(Figure 11b) films. The areas were obtained from the spectra
shown in (a) and (d), respectively, of Figure 10.

potential is sequentially changed report on the redox
conversion of the particular MHCF studied. Further, the
complexity of the acquired in situ spectral profiles points
toward the possibility of multiple compound formation
in each system (see Table 1 and Scheme 1). Thus, the
profiles are particularly simple for CUHCF (Figure 10a)
and InHCF (Figure 10b). The complexity then follows
the order PAHCF < CoHCF < VHCF.

Sample in situ IR spectroelectrochemical data for
these compounds are shown in Figure 10 for five
analogues. The behavior of PAHCF88 and CoHCF?3® has
been amplified elsewhere; that of VHCF is particularly
complex (Figure 10f) and at least four participant
species appear to be implicated in the redox process (see
Scheme 1). The redox transformations undergone by the
various participating species in each system (Table 1)
can be better discerned by plotting the peak area of the
deconvoluted IR bands as a function of potential. Two
examples of such plots are shown for CUHCF (Figure
11a)® and CoHCF (Figure 11b),%5 respectively. The
differences in the complexity of the overall redox process
are striking in the two cases considered. Finally, it must
be pointed out that the spectral changes shown in
Figures 10 and 11 as a function of potential are
completely reversible in that comparable data are
obtained by stepping the potential back in the opposite
direction.

Turning to spectroelectrochemistry, with the spectral
changes monitored in the UV—visible region, the data
can be acquired in situ either in the transmission mode
or in the reflectance mode. In an early study,? diffuse
reflectance UV—visible spectroelectrochemistry on Ni-
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Table 2. Wavelength Maxima for the Oxidized and
Reduced Redox States of MHCF Compounds

Amax, NM (€, M~1 cm~1)2

compound oxidized state(s) reduced state(s)
CuHCF 405 495 (1900)

INHCF 495 (1660) 360

PdHCF 440 425 (940)

CoHCF 440 (580), 530 (1950) 380

NiHCFP 405 320

VHCF 515, 600, 780 390 (2250), 455 (760)

2 Values of the molar extinction coefficients (¢) were calculated
from the expression: In[1 + (AR/R)] = [-2.1000¢/(nFS cos ¢)]AQ
as elaborated in ref 89. ° From ref 90.

HCF was shown to be both species-specific and sensitive
to the amount of surface-confined material (on the
electrode surface) and its oxidation state. Another useful
approach involves acquisition of the UV—visible spectral
data (at selected wavelengths) while the electrode
potential is slowly scanned as in a voltammetry experi-
ment.%38891 The resultant data, processed in the form
of the time derivative signal versus electrode potential,
bear a striking resemblance to cyclic voltammograms
but with the important distinction that the scans are
species-specific.538891 Sych data have been presented for
CoHCF.%2 UV —visible spectroelectrochemistry has also
been utilized to determine the electron stoichiometry
during redox of INHCF in aqueous electrolytes,”* ac-
cording to methodology developed by other authors.3

Our own UV-—visible spectroelectrochemical studies
on the MHCF system were performed on a custom-built
optical multichannel analyzer fitted with a cooled Si
diode array detector.88.94-9 Reflectance spectra were
acquired during slow (nominally 5 mV s—1) voltammetric
scans of the MHCF-modified gold electrodes. The data
(see below) are displayed as plots of AR/R versus the
wavelength. Unlike in the IR cases discussed earlier,
the ordinate values in the UV—visible experiments are
normalized to a reference spectrum taken at the lower
limit of the potential window used. Other details may
be found in refs 88 and 94—96.

Table 2 contains a compilation of the peak wave-
lengths (Amax), for the various MHCF compounds con-
sidered in this review, in their oxidized and reduced
states, respectively. Values of extinction coefficients are
also provided, where available. The relevance of such
data to the electrochromic applicability of these com-
pounds constitutes the theme of a subsequent section.
For now, the utility of UV—visible spectroelectrochem-
istry in studying the MHCF redox process(es) is con-
sidered. To the extent that UV—visible spectroelectro-
chemical data are species-specific (see above and ref 90),
the trends in Table 2 do support our earlier ordering of
the MHCF compounds (CuHCF < InHCF < PdHCF <
CoHCF < VHCF) in terms of the redox process com-
plexity.

Focusing now on the two more complex systems,
namely, CoOHCF and VHCF, Figures 12—14 contain data
for CoOHCF. The overlaps in the spectra for the oxidized
and reduced states of CoOHCF%? manifiest in terms of
the bipolar character of the integral AR/R vs A profiles
in Figure 12 (see also Figure 3 in ref 92). The three main
signatures at 380, 440, and 530 nm (Table 2) are clearly
seen in the spectral evolution in Figure 12 and specially
in the deconvoluted spectra in Figure 13. The evolution
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Figure 12. In situ UV—vis reflectance spectra, AR/R = [(R
— Ro.05v)/Ro.0sv] for a CoHCF film in 1 M KNOs. Spectra were
collected every 0.02 V during a cyclic potential sweep at 5 mV
s71in the 0.05—0.95 V range. For the sake of clarity, only a
selected subset of spectra are shown and during a negative-
going scan direction. Spectra were obtained at an incidence
angle of 45°, with an exposure time of 0.03 s, and were
averaged 20 times. All spectra are referred to the spectrum
at 0.05 V. CoHCF loading: T = 6 x 1078 mol cm™2,
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Figure 13. Deconvolution of two UV—vis difference AR/R
spectra obtained for the potential range 0.30—0.65 V (Figure
13a) and 0.05—0.95 V (Figure 13b) for CoHCF. The charac-
teristic parameters of the Lorentzian deconvolution are shown
in each frame.

with potential of the three bands is further amplified
in Figure 14. Interestingly, the two arrests in the 380-
nm profile (at ~0.50 and 0.67 V in the positive-going
scan and at 0.26 and 0.40 V in the negative-going scan)
suggest a 380/440- and 380/530-nm pairing of the probes
for the two main redox events.

We tentatively assign the 380-nm signature to the Fe-
(1), Co(ll) redox pairs and the 440- and 530-nm
signatures to the Fe(Ill), Co(Il) and Fe(ll), Co(lll)
counterparts, respectively. The possibility that the 440-
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Figure 14. Evolution of the main bands peaking at 380 nm
(reduced species), 440 nm (oxidized species), and 510 nm
(oxidized species) for CoHCF as a function of the electrode
potential. Data obtained from the spectra depicted in Figure
12.
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Figure 15. In situ UV—vis reflectance spectra, AR/R = [(R
- R0.45\/)/R0‘4sv] for a VHCF filmin 3.6 M H2$O4 +0.2M K2-
SO,. Spectra were collected every 0.025 V during a cyclic
potential sweep at 5 mV s™! in the 0.40—1.20 V range. For
the sake of clarity, the insert contains only the spectra
obtained in the 0.40—0.95 V range. All spectra are referred to
the spectrum at 0.45 V. VHCF loading: 3.2 x 1077 mol/cm?.
Other details as in Figure 12.

AR/R

nm signature could have a contribution from the Fe-
(111), Co(lll) pair (Scheme 1) is discounted by our
observation that the 530-nm band intensity does not
decrease while the 440-nm signature increases (Figure
14). A band at approximately this wavelength has been
assigned to d—d transitions involving high-spin Co(ll)
sites.%” A further discussion of the UV—visible band
assignments may be found in refs 70, 97, and 98.
Turning to the VHCF system, Figures 15 and 16
contain relevant UV—visible spectroelectrochemical data.
The observation of at least five spectral signatures seen
in this case belies the apparent simplicity of the cyclic
voltammogram profiles for this system that shows only
two (albeit broad) sets of waves®® (Figure 2; also see ref
14). The 600-, 780-nm set of bands may be assigned to
the vanadyl (VO?2") species and are implicated in the
first voltammetric peak (located at more negative
potentials) while the second peak is likely associated
with the electrooxidation of vanadyl to vanadate (VO;™)
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Figure 16. Evolution of the main bands peaking at 390 nm
(reduced species), 600 nm (oxidized species), and 780 nm
(oxidized species) as a function of electrode potential for VHCF.
Data obtained from the spectra in Figure 15.

Table 3. Electrochromic Color Changes in the Various
MHCF Compounds?

color

compound reduced state oxidized state
CuHCF red-brown yellow

INHCF white yellow

PdHCF green orange
CoHCF? green violet/magenta
NiHCF grey yellow

VHCF yellow blue-green

a Also see ref 72. b Color shown to depend on various factors;
refer to text and refs 61 and 102.

species. Interestingly, the VO,™ species does not absorb
in the UV—visible spectral region.® The evolution with
potential of three selected bands for VHCF is contained
in Figure 16. Relative to its counterpart in Figure 14
for CoHCF, the vanadium system appears to be consid-
erably more complex. Further work on VHCF is needed
to unravel the chemical details of its redox processes.

Other types of spectroelectrochemical experiments
have been performed on MHCF. In situ X-ray diffraction
constitutes an exceptionally powerful spectroelectro-
chemical probe because of the ability of X-rays to
penetrate condensed phases coupled with their unparal-
leled structure sensitivity.1% Such measurements have
been performed on NiHCF.1°! The results from this
latter study will be further discussed below within the
context of ion uptake and corresponding changes in the
MHCF architecture.

6. Applications of MHCF Compounds

6.1. Electrochromism. This phenomenon appears to
have been given the title name in 1961 and refers to a
process that involves a change in the color of a material
when it either gains or loses an electron.? Interestingly,
although the parent Prussian blue compound itself
dates back to 1704, the first report on its electro-
chromism is relatively recent (1978).22 Table 3 contains
a summary of the color changes undergone by the other
MHCF analogues (M = Cu, In, Pd, V, Co, or Ni). The
Prussian blue-based electrochromic displays have been
thoroughly reviewed by previous authors;2 therefore,
we will mainly focus on the other analogues here. It can
be seen from Table 3 that all these compounds fall
rather short of the electrochromic ideal figure-of-merit
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Table 4. Combinations of Prussian Blue or MHCF
Compounds with Other Components in Electrochromic
Devices

cyanoferrate compound complementary component reference(s)

Prussian blue TiO, 48, 50
Prussian blue SrTiOs 49,51
Prussian blue polypyrrole 103
NiHCF TiO, 54, 55
CuHCF TiO2 55
INnHCF TiO> 38

in terms of a color contrast from highly colored (e.g.,
intense blue) to completely colorless (i.e., fully light-
transmissive).

An interesting aspect of CoHCF films is that their
color depends not only on the oxidation state of the
metal centers but also on the nature of the counterca-
tions (the “A” cations in our generic structure shown in
the opening paragraph of this review) and the environ-
ment. Thus, while cobalt(ll) hexacyanoferrate(ll) is
olive-brown in the presence of hydrated K* or Cs™ ions,
a green color is produced upon sorption of larger cations
(e.g., hydrated Na* or Li™).61.102 A reversible continuous
thermochromism is observed for K,Co[Fe(CN)g]-nH,O
upon heating in the temperature range 25—85 °C.61.70
This phenomenon is attributed to an altered environ-
ment of the Co(ll) sites due to the release of bonded
water molecules.”® Whether this is a general trend for
the other MHCF compounds remains to be established.

One tactic for improving the contrast in electrochro-
mic devices is to combine two complementary active
components.? Thus, either inorganic oxides (e.g., WO3)
or organic conducting polymers (e.g., polyaniline) can
be combined with Prussian blue in a device.? Table 4
lists other combinations involving Prussian blue and
MHCF analogues with complementary device compo-
nents. An added advantage of using materials such as
TiO; is that a photoelectrochromic mode becomes pos-
sible wherein the color change in the electrochromic
material can be instigated by photoexcited charge
transfer from the coupled semiconductor oxide par-
ticles.535* Finally, Prussian blue itself has been mated
with CuHCF in a bilayered film configuration.1%* Use
of the perfluorinated ion-exchange membrane, Nafion,
has been claimed to improve the stability of Prussian
blue films.1% Five-color electrochromicity has been
achieved by combining Prussian blue with Nafion/
methyl viologen layered films.1% Other aspects of the
electrochromism of Prussian blue and related mixed
valence hexacyanometalate salts have been reviewed.1%7

6.2. Photoimage Formation. Related to the elec-
trochromic phenomenon discussed above is the possibil-
ity of photoinduced image formation on targeted areas.
This has technological relevance to displays and pat-
terning applications. White images were successfully
formed in blue films of Prussian blue-TiO,/Nafion
bilayer electrodes coated on ITO substrates.*

Trimetallic mixed-valence anions, [(NC)sFe!'-CN—
Pt"V(NH3)4—NC—Fe!""—(CN)s]*~ and their photoproducts,
when confined in a rigid matrix, produce images on
irradiation.108.109 |t has been shown that Prussian blue
is formed in situ under such conditions.19819° The ability
to generate images accrues from differences in the
spectra of Prussian blue and the above anion and the
resulting optical contrast between the irradiated and
“dark” portions of the film. Image generation with a
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scale on the order of 1 um was demonstrated by
irradiating through a mask.198.109 This technology has
been further developed by the same group using a rigid
sol—gel-generated matrix incorporating the aforemen-
tioned cyanometalate complex.119 In situ photogenera-
tion of Prussian blue has been demonstrated earlier in
an Fe(CN)g®"~-loaded chemically modified electrode
containing a quaternized polyvinylpyridine layer.111

6.3. lon Exchange. The possibility that the potas-
sium countercation in MHCF compounds could be
exchanged by heavier alkali metal cations was pointed
out in 1965.112 Such a strategy has practical significance
for removing cesium-137 from waste streams encoun-
tered in the processing of nuclear fuels. Subsequent
studies have developed this paradigm further.113-115 The
partitioning of Cs™ and K* into the NiHCF film matrix
was examined as a function of solution composition and
the charge density on the matrix.116 It was shown that
Cst — Cs™ repulsive interactions limit the Cs™ ion
uptake, resulting in a stable solid composition of ~75%
Cst and 25% K* over a range of solution composi-
tions.116

Other aspects of the reversible insertion electrochem-
istry in transition metal hexacyanometalates may be
found in refs 117—121. The ion-sieving properties of self-
assembled films of Prussian blue and the Co and Ni
analogues were compared.*! High separation factors (o)
for Cs*/Na* and K*/Na*t exchange were observed for
Prussian blue while the o values were lower for the
other two analogues.*! The ability of ion sieving was
found to increase with the membrane thickness.

Given the central importance of the details of cation
partitioning into the solid phase for ion-exchange ap-
plications, it is hardly surprising that entire studies
have been devoted to this topic.101122123 The cubic
frameworks in Figure 1 feature an open, zeolite-like
structure with channel dimensions of the order of 0.32
nm. Thus, small hydrated cations such as K*, Rb*, Cs™,
and NH;" can easily permeate the structure, while
larger ions such as Na*, Lit, and the group Il cations
are blocked (see also section 4 above).

In situ XRD data acquired during ion intercalation
into NiIHCF showed that the lattice constant varied
systematically upon cation uptake.’®® Microdomains
were postulated to form when two cations having
markedly different radii such as Cs* and K* were
intercalated into the NiHCF network. Interestingly, the
microdomains were only postulated to exist when the
iron sites in the NiHCF network were in a mixed-valent
(Fe'', Fe'l") state.101

Assuming a 1:1 stoichiometry for the electrodeposited
NiHCF analogue (Table 1), the ion-exchange process can
be written as!??

A,Ni"[Fe(CN)s] < A,_ Ni'"[Fe"™(CN)s] + xe™ +
XA~ (1)

In eq 1, x is the fraction of iron centers in the +3
oxidation state. Figure 17 contains a schematic repre-
sentation of the unit cell for the oxidized and reduced
forms of the NiHCF analogue. The former has four A*
cations in the unit cell structure (see also Figure 1)
while the latter accommodates eight A* cations in the
unit cell. More generally, charge compensation dictates
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Figure 17. Unit cell representation of ANi'[Fe!"'(CN)¢] and
its corresponding A;Ni''[Fe'"(CN)s] reduced form. Four A*
cations are in the cell interstitial sites for ANi'"'[Fe'"'(CN)¢] and
eight A* cations are required upon electroreduction. The
cyanide groups are between Ni and Fe but have been largely
omitted in this representation for the sake of clarity. See also
Figure 1.

half as many alkali cations in the oxidized state vis-a-
vis the reduced counterpart (cf. Table 1).122

Experimental evidence from Raman spectroscopy and
energy-dispersive X-ray spectroscopy (EDX) has been
presented!?? in favor of a more open, nickel-rich struc-
ture than that schematized in Figure 17. The structures
in Figure 17a,b are analogous to “soluble” Prussian blue,
with Ni(ll) and interstitial A" replacing the Fe(lll)
sites,” while the new data point toward a structure
analogous to “insoluble” Prussian blue, with the ap-
proximate stoichiometry K4;Ni'';[Fe(CN)s]s.122 (The quo-
tation marks above signify that the terms “soluble” and
“insoluble” refer to the ease of peptization, as also
pointed out by previous authors.?)

The “insoluble” Prussian blue analogue has a unit cell
with three square planar and one octahedrally coordi-
nated nickel atoms; all of the Fe centers are octahedrally
coordinated.1?® XRD and extended X-ray absorption fine
structure (EXAFS) data have been presented for ca-
thodically deposited thin films of NiHCF in support of
this structure.’?®> The unit cell lattice parameter was
also shown to monotonically increase from ca. 10.15 to
10.21 A on ion exchange from 100% K* to 100% Cs*.123

Evidence for lattice reconstruction has been presented
both for NiHCF film growth on an underlying Ni
substrate!?* and during redox cycling of a Prussian blue
solid electrode in a K*/Cd2*-containing aqueous elec-
trolyte.1?5> Two types of ion-exchange mechanisms were
postulated in the latter study based on replacement of
interstitial and lattice positions, respectively.?5

The issue of ion selectivity in the MHCF system is
one that impacts both the ion-exchange and ion-sensing
applications. Thus, this item is taken up in the next
subsection.

6.4. lon Sensing. Other than Prussian blue,! the
majority of studies have focused on CUHCF and NiHCF.
Early studies on CUHCF%566 and NiHCF26 established
trends for the cation selectivity of these host compounds.
Subsequent studies!?”128 have further quantified these
selectivity trends and laid the basis for both ampero-
metric and potentiometric sensors of ammonium, alkali,
and alkaline earth cations. High affinity of TI(l) ions to
CuHCF (250—100 times higher than K* ions) was
found!?® and suggested as a basis for an electroanalyti-
cal sensor of this toxic species.
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Table 5. Examples of Electrocatalysis on
MHCF—Modified Electrodes

MHCF solution species
compound(s) (substrate)? reference(s)
CuHCF ascorbic acid 136
CoHCF ascorbic acid 145
CoHCF ascorbic acid, hydroquinone 73
CoHCF nicotinamide adenine dinucleotide 146
(NADH)
CoHCPF® hydrazine, thiosulfate, p-chlorophenol 147
CoHCF dopamine, epinephrine, norepinephrine 148
CoHCF NO;~, S,0527, hydrazine 149
NiHCF ascorbic acid 29, 150
NiHCF dopamine 151
NiHCF hydrazine 152
various SO427, S,05% 60, 153
analogues
various H,0, 154
analogues

a The term “substrate” is used here in a catalysis context and
refers to the solution species that are either oxidized or reduced.
b The CoHCF compound was Ru-modified in this case.

The microstructural changes that occur in the surface
derivatization layer of NiHCF30 have been used®®! to
detect CsNOs to levels as low as 1078 M in the presence
of 1 M NaNOs. Other electroanalytically oriented stud-
ies of MHCF (mainly CuHCF) compounds may be found
in refs 132—134.

Metal hexacyanoferrates have been deployed in bio-
analytical applications as well. Thus, NiHCF on Ni sub-
strates have been used for sodium and potassium assays
in human whole blood serum and whole blood samples.135
CUuHCF has been utilized for analytical determination
of ascorbic acid.13¢ Various types of biosensors based on
transition metal hexacyanoferrates and oxidase en-
zymes have been developed.137-142 This topic is expected
to witness rapid growth in the future, especially given
the current need for new families of biosensors.

6.5. Electrocatalysis. A surface derivatization layer
often imparts optimally fast electron-transfer charac-
teristics to an underlying substrate.5263 This electro-
catalytic phenomenon is useful from both analytical (i.e.,
sensor) and electrosynthetic perspectives. Examples for
the good electrocatalytic activity of Prussian blue exist
and have been reviewed.! The catalytic reduction of O,
and CO on Prussian blue-modified electrodes has been
described.143.144

Table 5 contains a compilation of studies on MHCF
that are oriented toward electrocatalysis. While the vast
majority of the earlier studies involved NiHCF, other
compounds (e.g., CoHCF) are beginning to garner at-
tention in this regard. Studies on NiHCF have also been
directed toward understanding the mechanism(s) of
heterogeneous electron transfer at the film/solution
interface and the efficacy of electrocatalysis.2%150-155 |n
this regard, the advantages with transforming an
inexpensive electrode material such as Ni into a deriva-
tized surface with electrocatalytic properties typical of
expensive materials such as Pt have been pointed out.1%®

Cyclic voltammetry and hydrodynamic voltammetry
constitute the most versatile probes for the efficacy of
electrocatalysis.®?€2 In this manner, the locale (e.g.,
substrate/film, film bulk, film/solution) where rate
control is exerted on the overall electrocatalysis process
can be identified. This has been done for example for
ascorbic acid!®® and hydrazine!®2 oxidation on NiHCF-
derivatized Ni substrates in aqueous media. The rela-
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tionship between surface redox potential and the elec-
trocatalysis rate constant has also been analyzed%0
within the framework of the Marcus theory.156

6.6. Photoelectrochemical and Photocatalytic
Devices. These devices, which hinge on initial optical
excitation of a semiconductor to generate electron—hole
pairs, are potentially useful for photovoltaic solar energy
conversion.157158 Given the projected importance of
hydrogen in the future energy economy, such devices
can also be deployed for the solar-assisted electrolysis
of water.'®® Thus, simultaneous detection of H, and O,
during photolysis and the photo-oxidation of water were
reported in two separate studies using Prussian blue
and tris(2-2'-bipyridyl) ruthenium(ll) complex as co-
sensitizer.160.161 A sacrificial agent is often used in such
experiments.160.162 Other authors report the co-photo-
generation of Hy, and O, with visible light and Cu-
HCF.162 More work is needed to establish whether these
processes are truly cyclical (except for the sacrificial
agent) and to further optimize the process efficiencies.

Cadmium chalcogenide semiconductors (e.g., CdX, X
=S, Se, Te), while they have yielded very high efficien-
cies in regenerative photoelectrochemical cells, are
intrinsically unstable in aqueous media under irradia-
tion.157.163 On the other hand, an in situ precipitation
reaction involving the photogenerated Cd?" ions and
solution-dosed ferrocyanide provides a protective cad-
mium hexacyanoferrate overlayer.164 High light conver-
sion efficiencies have been reported in this manner for
n-CdS165166 and n-CdS67:168 in aqueous ferro-/ferricya-
nide-containing media. Other aspects related to this
interesting phenomenon, namely, the roles of Cs™ ions
in regulating photoinduced charge transfer across the
n-CdX/electrolyte interface!®® and the morphology of the
overlayer,'® have been described. A thin coating of
INHCF was also found to afford stabilization to n-CdSe
photoanodes in aqueous media.5?

6.7. Batteries. Given the proclivity of Prussian blue
and its analogues for ion intercalation, it is not surpris-
ing that application of these materials as the active
components of a battery'”* has been considered. The
first study in this direction utilized the oxidation and
reduction of Prussian blue respectively to Berlin green
and Everitt's salt, as the two half-reactions.'’? The
possibility of using other MHCF compounds was also
raised in this study. A Turnbull blue (a close relative of
Prussian blue, refs 1 and 2)—Nafion composite mem-
brane was used as the active component of a recharge-
able battery.1”® A combined charge storage/electrochro-
mic display device was also constructed by the same
group using Nafion and Prussian blue.1’4175 Finally, the
rechargeability of battery cathodes comprising Cu/
Prussian blue or Cu/Berlin green has been tested.176

Other MHCF compounds have been investigated as
well for their applicability as battery electrodes.177-179
Thus, a cell with NiHCF as the anode and NiHCRu
(where HCRu = hexacyanoruthenate, cf., ref 1) was
reported to exhibit a current efficiency of ~100%.178
However, a steady decrease in charge storage capacity
with cycle number was noted. Solid-state secondary cells
were constructed with Prussian blue as the cathode and
either ZnHCF or CuHCF as the anode active mate-
rial.1’® Cycle stability and charge transfer kinetics
remain as two key variables that would require further
optimization for Prussian blue and other MHCF com-
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Table 6. Other MHCF Analogues Not Specifically
Addressed in This Review?

compound reference(s)

iron hexacyanoruthenate 188—190
manganese hexacyanoferrate 191

silver hexacyanoferrate 1
titanium hexacyanoferrate 192
osmium hexacyanoferrate 193
ruthenium hexacyanoferrate 194
chromium hexacyanoferrate 195

a See also refs 1 and 2.

pounds to effectively compete with available alterna-
tives.

6.8. Photomagnetic and Magneto-optic Devices.
The interaction of light and magnetism is a topic of
much fundamental and practical interest. Molecular-
based magnets offer a fertile ground for studying this
interaction. Long-range ferromagnetic ordering in Prus-
sian blue at a Curie temperature (T¢) of 5.6 K has been
known for some time.18 But only recently have a series
of Prussian blue analogues begun to draw attention
because of their high T, values!®! and a value as high
as 315 K has been recorded for CoHCF.182.183 Cobalt
hexacyanoferrate exhibits a photoreversible enhance-
ment of magnetization.?97.184-187 Sych photomagnetic
effects are potentially important for applications related
to optical memory, data storage, optical isolators, and
the like. This topic has been thoroughly reviewed by
other authors,®!8 and the interested reader is referred
to these literature sources.

6.9. Addendum. Since completion of the original
draft of this review, several more papers have appeared
on MHCF. Thus, a review on electrochromic materials
and devices contains references on Prussian blue.16
Prussian blue screen-printed biosensors have been
described.’®” Other papers on the NiHCF system de-
scribe electrical transport as a function of tempera-
ture,®® ac impedance,'®® and a route to diverse combi-
natorial libraries.?%

7. Concluding Remarks

This review has hopefully served to underline the
enormous range and scope in the chemical composition,
properties, and applications of Prussian blue analogues.
Six such compounds were considered in this review
article. Table 6 contains a further compilation of MHCF
compounds not specifically discussed above. While the
earlier studies focused on Prussian blue itself, other
transition metal hexacyanoferrates (and hexacyano-
metalates in general) are beginning to attract attention
from chemists, physicists, and material scientists alike.
In the crystal ball of the reviewers, this trend is expected
to continue well into the future. It is our hope that this
review will spur the interest of new researchers in these
interesting compounds, and in a small way, will con-
tribute to the continued vitality of this field.
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