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Prussian Blue films were studied bysitu electrogravimetric and
spectroelectrochemical methods during the elecamdtal
oxidation to the Prussian Yellow form. Spectroeiechemical
studies detected important absorbance changes gdurin
electrochemical experiments at 430 nm and 690 mmesjeonding
to the appearance of the yellow form and to thepfiearance of
the characteristic blue color. These changes obrabace were
well related with the voltammetric peaks. This negwocess has
also been studied byin situ electrochemical impedance
spectroscopy, mass impedance and color impedar@@0anm. It
has been found that crossed impedance functiomsnelolt from the
original ones provide interesting information ore tparticipation
of both, cations and anions during electrochenpoatesses.

Introduction

The hexacyanometallates have generated great shtamerecent years due to its
interesting properties in the preparation of elmiromic devices or also due to their
magnetic properties or their possible applicationelectrocatalysis, among others
® These materials correspond to the general siragliformulaM 1, (M, (CN),), where
M1 and M2 are two different or equal transition aiet(Fe, Co, Ni, etc’)*> Among
them, classical Prussian Blue, ferric ferrocyanidg® [Fe* (CN) ] ,(PB)is probably the
most studied. PB can be generated by followingediffit procedures. On the one side,
there is the chemical way, where PB is spontangogsherated fromFeCl, and
K,Fe(CN), solutions. However, for electrochemical studiepribves more interesting
the electrochemical way to produce thin films oa skirface of different kind of electrode
materials. Itayaet al. described a galvanostatic procedure to producd gad controlled
quality thin PB films fromFeCl,and K,Fe(CN),in acid aqueous solutiolfs’. These

PB films are generated in the blue mixed valencenfoFe® / Fe*" . It is possible

electrochemically to reducEe™ sites toFe** and thus obtaining the transparent Everitt’s
Salt form (ES).

Fe' [Fe* (CN) ] ;mH O+4K" +4e [I K Fe5 [Fe*(CN)J]smH O 1)



However, if freshly generated PB films, known asoiuble PB, are cycled around the
PB[] ES system some of th&" cations which enter the film during the reduction

process do not leave the PB film and a new PB stresdormula is generated, known as
soluble PB®*2° This structure was analyzed by means of highggn&rRay synchrotron

experiments and theel*[Fe* (CN)] ,K (OH") ;mH O formula was proposeéd™. This
soluble PB can also be reduced to the soluble ES.fo

Fe'[Fe” (CN) ], K{OH") smH O+4K" +4e [] K JFe’[Fe*(CN) ] K {OH") ymH O (2)

Stability against successive cycling around B[] ES system in acidKCl solutions

of these PB films has been tested and proved tloa¢ than 10000 cycles are possible
with a small loss of electric charge within thetaoimetric peal.

PB films can also be oxidized to the yellow formolwn as Prussian Yellow (PY).
If insoluble PB films were cycled around tiRRB[ PY system, voltammetric peaks

decrease quickly and finally the PB film disappefaosn the surface of the electrode.
However, stability against successive cycling atbtime systemPB[ PY is largely

increased if PB films were previously convertedhe soluble PB structure. In this last
case, some hundreds of cyclic voltammetric peakddcbe obtained in some specific
experimental conditions without a considerable lo$selectric charg®. This redox
process is accompanied by color chafiehus it is possible to follow the absorbance
variation at some characteristic wavelengths andetate it with the electric current
passed during the reduction or oxidation proteB8 films change from the blue
characteristic color to the yellow form, the maxmwf absorbance change during this
transition takes place at a wavelength of 696°nth

Some possible reaction schema for the oxidatiadghéd®Y have been proposed in
the literaturé®?>?® The main question is that the balance of thetritecharge during the
redox process should take place by the participatiocations and/or anions. Transient
electrochemical experiments (cyclic voltammetry)enthe changes of the mass iare
situ monitored by coupling aquartz crystal microbala(@CM) proved that the electric
charge is compensated mainly by the exchange minsaf{potassium if presented in the
outer solutiord’. However at more anodic potentials, a small paiion of anions has
also been detect&d
The study of inorganic films or conducting polymées attracted many scientific efforts
during the last 30 years due to their evident tethgical interest. Among others, those
strategies wheren situ signals are recorded together with the electroetednmesponse
have proven to be powerful tools for interpretingd adeeper understanding of the
electron conduction mechanisms through these f#AfS3? In EQCM-+cyclic
voltammetry experiments, the use of #hdnm/dq function (mass / electric charge ratio)
allows obtaining fast information onthe molar massé¢ the species involved in the
electric charge balance during redox processeshesdet filmé®. It is similar if the

spectroscopic response (absorbance at some chimtict@avelenghtsA*) is obtained
together with the electric response. This infororathas been proved to be very useful
for the deconvolution of overlapped voltammetrioregi’. In spite of the large amount of
information provided by the coupling of transierieatrochemical techniques with
EQCM or spectroscopic techniques, it is not possiblobtain separated information on
the rate of the different overlapped or not proessbor this purpose, it is a better choice
the steady-state strategy. In particular, eleceotbal impedance spectroscopy (EIS)
proved an excellent tool to separate different @sees by their relative rates. This is



accomplished by the change of the frequency optitential perturbation during the EIS
experiment. Thus, information relative only to tfastest processes is obtained at the
highest frequencies (double layer charge and uneosgied ohmic drop due to the
solution and film resistances, at about 10 kHz).IoAter frequencies, the contribution
due to the faradaic processes is obtained, howtherpossibility of changing the
frequency perturbation allows separating betweestefaand slower processes in many
cases. In recent years, the generalization ofrtipedance to also other analogic signals
such as mass or absorbance (color) has allowed epedeunderstanding of the
electrochemical response of these conducting filinsthe steady-st#te®*=>° Mass
impedance (MIS) or ac-electrogravimetry and cofopédance (CIS) together with the
EIS introduce the possibility to obtain crossed éaignce function such as

Am 1 AmAE
F—(o)=F——— 3
AQ (@) jo AE Al (@) 3)

clearly related with the molar masses of the ingdlcharged species during the redox
processes. Note that the dependence of this funaio the perturbation frequency
provides information on the cation-anion speciestippating in the faster-slower
faradaic processes.

For the CIS+EIS case, there is the crossed impedamnction

AA? 1 AA* AE
(@) =F ———(o) (4)
Aq jo AE Al

F

which should be interpreted as an estimation ofeteetrochromic efficienéy*: In this
case, there is also a possible dependence ondbeefncy of the perturbation enabling
separation among the contributions due to fastérstower processes.

The aim of this work is to study the electrocherjicalectrogravimetric and
spectroelectrochemical behavior of Prussian Bluensfi at potentials where the
PB[ PY process takes place. These studies were madethydyalic voltammetry +

spectroscopitn situ and also at steady-state by analyzing thdreldwemical impedance
spectroscopy together with the ac-electrogravimedand color impedance at the
characteristic wavelength of 690 nm. The couplihthese 3 impedance signals and the
use of crossed impedance functions obtained fran8tprimary ones has been proposed
some years ago by Gabrieit al*3. It has been used recently for the study of the
PBO ES process in agueous KCI solutions and it has besailple to identify different

electroactive and electrochromic sites in the PBuctire and to separate their
contribution to the overall respori&®*! In this work, we have an added difficulty since
at these potentials and in the presence of chloawiens in the solution, the gold
electrode of the EQCM oxidizes and loses its cotideiproperties. In order to avoid this
problem, KCI is substituted by KNQvhich does not oxidize the gold electrode, but the
stability against successive cycling seems to beseogood as in the case of KCI
solutions.

Experimental
All chemicals used were ScharlfuAnalytical Reagent quality. Prussian Blue was
deposited from 0.02 M ¥e(CN), 0.02 M Fed and 0.01 M HCI freshly prepared
dissolutions by applying a controlled cathodic entrof 40pA cm? during 150 s. The



film thickness was estimated about 115 #f°> The PB deposits were sufficiently thin
to ensure a precise relationship between the fregueariation of the quartz crystal and
the mass change without any viscoelastic artifadeB films freshly preparedrisoluble
PB) were stabilized and converted into shkible form by means of cyclic voltammetry
around thePBL ESsysteri®**°*8in a KNQ; solution until narrow and sharp peaks
appear (15 cycles) for the deposits on gold eldetiand cycled in a KCI solution for the
ITO electrode studies. All experiments were caroed in KCl or KNG0.5M solutions
and at the controlled temperature of 25 °C. Theopthe solution was set by the addition
of the appropriate 1.0 M HCI or HNGolution.

All experiments were carried out in a three elat®® electrochemical cell. The
auxiliary electrode was a platinum mesh and theresice the Ag/AgCI/KCI (sat)
electrode. The working electrode was an ITO (1cnicm) electrode or the high
reflectance gold/quartz crystal electrode (AT curdz crystal, 6 MHz or 9 MHz, Matel-
Fordahl, France)(0.25 énwhich allows the simultaneous measure of curremss
(from frequency resonance) and reflectance (froghtliintensity received on the
photodiode surface). The cell temperature was obedr by means of Peltier
thermoelectric modules and the cell was a highstrattance glass cell from HELLMA
(OG). For the impedance measurements a small paltpetrturbation was applied to the
polarization potential of the working electrode (8% rms).

For acquiring simultaneously the three impedangeads we use a potentiostat-
galvanostat PAR 263 A, the generator and four chlanfiequency response analyzer
SOLARTRON 1254 A. The fast mass signal needed dgieed by means of a quartz
crystal microbalance (built at UPR 15 CNRS Parrgnge) with the frequency reference
generator (AGILENT 33220A) together with the homaédma frequency comparatorwhich
gives an analog voltage signal proportional to thi#erence between a reference
frequency (frequency generator) and the workingtedde frequency (EQCM). This
equipment requires previous calibration in ordeavoid undesired artificial phase shifts
in the mass respond& For the color impedance measurements we use pewrsnic
20 spectrometer conveniently modified: light sena@as replaced by a fast and more
sensible photodiode (Silicon PIN photodiode/ OSD&POwhich gives a current
proportional to the intensity of the received lighthis current was converted into an
analogic potential by means of a current to pod¢rdonverter (home-made). The fast
response of this part (£&) makes unnecessary a calibration for this egeipm

The above equipments were controlled by means Réraonal Computer-GPIB
card and home-made software.

The analysis of experimental data obtained by #isembly requires the use of
complex methodologies and in some cases, the us®roé numerical procedures to
obtain a good fitting of experimental data to th®pwsed theoretical models. The
complete description of both, the methodologies @l equipment used to obtain the
three impedance signals simultaneously is desciibegtent papers*®**

The color response received was a light intensitydflected on the surface of the
gold electrode of the EQCM. For the color impedameelysis, a small potential
perturbation is applied to a steady state systedrtlarefore, only small changes of color
(reflected light intensityl) are expected. Thus, an apparent increase of lzdosme (1A)
may be obtained by a first-order Taylor series espm:

A=—log(l /1,) 5)



| +Al

A+AA= —Iog( j ~—log(l /1, )—ll—OAI loge)= A-BAI (6)

0

where the absorbance changas J may be directly approximated to changes of resziv
light intensity (Al ) multiplied by a constant factorgy*°,*".

For the voltammetric experiments the assembly wasseame but absorbance was
measured as intensity of transmitted light throtighITO electrode. Absorbance was set
to zero at the -0.2 V where the PB films are intthasparent ES form.

Results and discussion
Once PB films were stabilized and convertatb ithe soluble PB form, their
electrochemical behavior during tiRB PY processes was studied by in situ coupling

electrochemical (current) and spectroscopic (alssurd at a given wavelength)
responses during a cyclic voltammetry experimet @so at a given potential (steady-
state condition) by means of the modulation of treuency of a small potential
amplitude superimposed to the steady-state pote(ittgpedance) recordingn situ
andtogether, the EIS, MIS and CIS responses.

Before starting the analysis by impedancdiriepies, PB films deposited on the
surface of the transparent ITO electrode were stuby CV + Vis-NIR spectroscopy by
coupling a diode spectrometer to our electrochemiczell. In many
spectroelectrochemical studies it is preferred tes@nt spectroscopic response as
derivative absorbance curves at some charactewstielength, and taking advantage of
the Faraday’s and Lambert-Beer’s laws estimatirgajpparent electrochromic efficiency,

& at the characteristic wavelength

aq :zF@ (7)

dt dt
A

% =gt @ (8)
dt dt
A A

p X & (9)
d =z

Figure 1 shows as a 3D plot the dependencehenapplied potential during a
voltammetric oxidation scan (-0.2¥1.1V) of dA‘/ dt at wavelengths between 400 and
950 nm. On this plot, a well-defined mountain isetved at wavelengths between 600
and 750 nm and the maximum at potentials near OvZhi¢h correspond to the redox
potential for the ES— PB process where color changes from colorless to the
characteristic blue. At more anodic potentials,irythe PB — PY oxidation process
there is also a color change, from blue to yelldWis is observed by both, a valley at
wavelengths between 600 and 750 nm (blue colorpdesars) and a mountain at
wavelengths between 400 and 500 nm (yellow colgreaps). These two electron
transitions are clearly interrelated and reallyregpond to the same electron transition-
electroactive site in the PB structure:



Fe& -CN-FeX 1 Fe¥-CN-Fe>+e (10)

In this equation, the subscrijpgsandhs make reference tmw spin andhigh spiniron
sites, respectively.
Figure 1b, represents the voltammetric respdior a PB film in a KCI solution

together with the absorbance derivative curdd’/dt , at 690 nm and 430 nm

wavelengths. These wavelengths correspond to themmen absorbance spectra of the
mixed valence form (PB, 690 nm) and of the fullydized form (PY,430 nm). During
the oxidation of ES to the PB form it is observedraportant increase of the absorbance
at 690 nm since the transparent blue film underddas. However, this oxidation
process produces only smaller changes of absort@né80 nm. At largest potentials,
during the oxidation PBPY there are both, absorbance changes at 690 at®@Daim,
however, at 690 nm it appears to be a greater Isigheh is preferred for the color
impedance study.

On the other side, redox processes in comiufitms are always accompanied by the
exchange of counterions to balance electric charpe. general formula proposed for

soluble PB films corresponds Fe'[Fe*" (CN)].K {OH") ;mH 0O, thus it is possible

that the electric charge balance takes place bynidia participation of inner potassium
cations which leave the PB film during the oxidatgrocess and which are inserted if the
film is reduced. In order to corroborate these higpses, electrogravimetric studies were
also performed. If PB films were deposited on thefaxe of high reflectance gold
EQCM electrodes it is possible to follow situ and simultaneously the 3 impedance
signals, EIS, MIS and Cf8"**! For these studies we prefer Ki\6blutions to prevent
the electrochemical oxidation of the gold electrati@nodic potentials in KCI solutions.

These results are presented in figures 2a, 2b arfdrzhe EIS (presented aﬁs%)“o’“,

690
for the MIS (presented a%g) and for the CIS (presented aXE_)' respectively and at

the stabilization potential of 0.85 V. At this potil, the MIS loop appears on th& 3
guadrant indicating the main participation of caticas counterions, the CIS appears on
the 3% quadrant also indicating that the absorbance deesewith the applied potential at
this wavelength and the electrochemical impedameecbnducting polymers always
appears on the®quadrant. The shape of these loops appears tigh#ysdifferent from

a ‘perfect’ circle. This fact may be caused by batlpossible electron or counterion slow
transport through the electroactive film and thesgilolity that more than one redox
process takes place simultaneously at these pal®ntin order to confirm these
hypotheses it is preferred the analysis providedheycrossed impedance functiti:
Figures 3a and 3b represent the dependence orppiiecapotential of both, the lower

690
frequencies limit of(F Mj and the[FAA
AQ ), Aq
weighted average of the molar masses of chargediesp@articipating and of the
electrochromic efficiencies of electroactive sitiesboth cases, it appears to be an abrupt
change at potentials near 0.925 V. At potentiath@range [0.700,0.900] V, the function

j functions which represent a
w—0

Am . . . .
(FA_j shows a small variation on the potential reachialyies near the -39 g mol
q w—0

which corresponds to the main participation of psitam cation as counterion. However,



at largest potentials this situation changes E’;\Iﬁ%j undergoes positive after only

w—0
690

50-100 mV. Meanwhile, the variation €F j on the stabilization potential,
w—0
shows an increase in the range of [0.700, 0.908h& also an abrupt change at potentials
near 0.925 V.
The abrupt change at potentials near 0.925V magxpkained by the overlapping
of the oxygen evolution at these potentials. Arrease in the current should imply a

690
decrease in both ratio%F %j and[F j since increases the electric charge
q w—0 w—0

passed but not the mass or the color changes. Hnwme(F %) reaches positive
q »—0

values which are not compatible with this hypothest is more probable that another

redox process takes place at these potentials gragudifferent mass changes and

different color changes. One probable explanatiompatible with positives values for

Am . . . .

(FA—j is that anions participate in the redox processisTkwve can propose that up
q w—0

to potentials near 0.900 V we have that inner @itias cations leave the PB film during

the oxidation,but after all potassium cations hkefethe PB film it remains 1/3 of the
Fe” centers not oxidized. Thus, the oxidation of theseters should take place by the

participation of other counterions species, or theo words, the anions. This situation

explains quite well the variation of tVEeF %j values but not directly the abrupt
q w—0

690

change O{F

additional information. During th®B[1 ES process, in the potential range [0.6, 0.3]V

the dA®*°/dt does not correspond exactly with tte/dt (current) curve (Figure 1B)
There is also that at these potentials the counternave been identified to be protons or
hydrated protorfd. Thus, we have that there are a part of the gitéhe PB form that
does not contribute to the blue color of the filamsl these sites correspond also with the
participation of other counterions than the potassiduring thePB[l ES. We are
talking about~e sites near the ferrocyanide vacancies in the RRtstre which present a
different electrochemical and electrochromic bebaand which are responsible of some
of the particular properties of these electroactifiens®>?3 Thus, since these
Fe** —CN - Fe* centers are not ‘blue’, if oxidized to tiee® —CN - Fe* there is no
expected change of absorbance at 690 nm. Thus we prapose for the
PB[ PY process the following reaction schema:

Fe'[Fe* (CN) ] ,K{OH ) ;mH O+ A 0 Fe%[Fe*(CN) ] (OH) A mH O+2K" +3e (11)

j . To explain this last abrupt change we need tmdhice some
0—0

This reaction schema is able to explain severatexmental results such as the smaller
size for thePB[] PY voltammetric peak if compared with teB[] ES peak since

there are 4¢** sites able to reduce but onlyF&** sites able to oxidize. If we consider
also that the oxidation process taking place byptréicipation of anions seems to not
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Figure 1 a) Color changes represented as a 3DopIdN/dt at wavelengths between

400 and 950 nm in PB films deposited on ITO elat#rduring voltammograms from -
0.2 V (ES) until 1.1V (PY) in a KCI solution. b) Cyc voltammogram (0.6 W-

0.2V>1.1V->0.6V) of a PB film deposited on ITO electrode witte dA*/dt curves at

the chalracteristic wavelengths of 690 nm and 430%can rate was a) 20 mV and b)
5mVs-.
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Figure 2. Electrochemical impedance spectroscopyni@ss impedance (b) and color
impedance at 690 nm (c) for a PB film deposited angold EQCM electrode.
Stabilization potential was 0.85 V and the soluticas 0.5 M KNQ pH=2.00.
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F AA
Aq
experimental data. For experimental details seexiperimental section.

j on the applied potential. This function is obtairfeom EIS and CIS
w—0

occur to a great extent, then only a little more&¥ of theFe?*are oxidized (potassium
participation), that means that the electric changeosed in thé®>B[1 PY should be



aboutg?z%:—;of the electric charge enclosed in tR8[ ES voltammogram. This

reaction schema explains also the abrupt chandgegafes 3a and 3b at potentials near

Am AR

0.925 V for the(F—j and [F j ratios by the overlapping of another
Aq 0—0 Aq 0—0

electrochemical process with different counteriorartipipation and different

electrochromic efficiency.

Conclusion

The oxidation of Prussian blue films to thelgw form should be described at least
as the overlapping of two different redox processssociated to two different
electroactiveFe** sites. PB films in the soluble form present onli{2cations by each 3
Fe** sites, implying that we need to consider two défe Fe** sites within the PB form.
This fact is reflected in both, spectroscopic anecteogravimetric changes during
electrochemical processes showing a dual behawiomore cathodic potentials, the
redox processes associated 8" take place by the participation of potassium cetias
counterions and there is a color change from btuedllow, however after all the
potassium cations have left the PB film there & rbdox process associated to the other
Fe**sites where anion participates. Since these ceafersiot originally ‘blue’ in the
mixed valence PB form, there is no color change@ated at this wavelength if oxidized
to the fully oxidized form.
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