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Abstract
A novel method for sensing potassium ions in aqueous solutions is presented. This method is based on the Prussian blue (PB) modi®ed tin
oxide (TO) electrode. Thin ®lms of PB (KFeFe(CN)6), deposited onto transparent TO substrate, are reduced to Everitt's salt (ES, or
K2FeFe(CN)6) in solutions containing potassium ions. Using an in situ measurement of the absorbance changes in PB thin ®lm while
applying different reductive potentials to the electrode, the PB mole fraction within the thin ®lm, x, can be obtained for solutions containing
various concentrations of potassium ions. By applying either the theory of regular solution (0:25 < x < 1) or the Margules equation
(0 < x < 0:25) to the Nernst equation, one can construct a special function, which depends mainly on the PB mole fraction and the
interaction parameters involved. This sensing method, which eliminates the need for pre-conditioning the electrode to a ®xed potential, as
proposed previously by other researchers, is based on a linear log±log plot of this special function against the potassium ion concentrations.
Such a relationship was observed when the K concentrations ranged from 3:3  10 4 M to 1.0 M. The interferences of Na and Ba2 on
the K sensing are also studied. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
1.1. An introduction to Prussian blue (PB)
PB has had a long history in both coordination chemistry
and as a pigment. PB is well known for many applications,
such as ion-selective electrodes [1], electrochromic devices
[2], solid-state thin ®lm batteries [3], electrocatalytic reactions [4], photochargeable devices [5] and light-writing
materials [6], etc. In many applications, PB is usually
deposited onto conducting substrates, such as platinum or
tin oxide (TO), and behaves like an electrodes of the second
kind, in which the cell potential depends on the activity of
certain ions in the electrolytic solution.
PB is deep blue in color at ground state. Under suitable
applied potential it can be reduced to a colorless Prussian
white known as Everitt's salt (ES). The reduction of PB to
form ES involves the insertion of cations from the
contact solution. The reaction equation can be expressed
as follows:
PB  M  e $ ES
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(1)

where M is the cation in the solution. From the viewpoint
of cell structure, PB has a face-center structure with a unit
Ê [7]. The radius of the channel
cell constant equal to 10.2 A
Ê . Because of this structure, PB
formed by the atoms is 1.51 A
acts as a molecular sieve, and the size of the cations inserting
into the lattice structure during reduction is then limited. For
example, at pH  2:0, the hydrated radii of K and Na
Ê , respeccalculated from the Stoke's law are 1.25 and 1.83 A
tively. K can be inserted into the PB lattice much easier
than Na [8]. Because of the characteristics mentioned
above, PB modified electrodes can be regarded as permselective membranes that possess ion-selectivity during insertion into the PB lattice. PB can therefore, be used as a
sensing material in an ion-selective electrode.
K sensing methods based on metal hexacyanoferrate
thin ®lms have been reported [1,9]. In these researches, the
metal hexacyanoferrate modi®ed thin ®lm electrodes were
subjected to electrochemical or chemical pre-conditions
before K sensing. The potential was measured just before
the ®lms deviating from the pre-conditioned state. Because
two K sensing steps are involved and the potential is
usually not reproducible, these methods are very dif®cult.
In this research, a new potassium ion sensing method based
on PB thin ®lm involving a one-step absorbance measurement is described. The interference of other cations in the
solution is discussed.
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1.2. Theory of the K sensing
The reaction that reduces PB to ES in solutions containing
K can be expressed as
PB  K  e $ ES

2. Experimental

RT a PBaK
ln
F
a ES

(3)

where a(PB) and a(ES) refer to the activities of PB and ES in
the thin film, respectively. E is the potential applied to the
electrode, and
E0 

m0 ES  m0 PB  m0 Kaq 
F

(4)

where m0(i) is the standard chemical potential of species i.
Because of the similarity between the structure of PB and
ES, a mixture of these two compounds can be regarded as a
solid solution. According to the previous works, the behavior of the PB and ES mixture can be described by the theory
of regular solutions [10]. The activities of PB and ES can be
expressed as follows:
!
w 1 x2
a PB  x exp
(5)
RT
 2
wx
a ES  1 x exp
(6)
RT
where x is the mole fraction of PB in the thin film and w the
molar interaction energy. By substituting Eqs. (5) and (6)
into (3), the Nernst equation can be rearranged as follows:
E  E0

RT I
P x
F

(7)

where
x
 z 2x
x
RT
E0  E0 
ln aK
F
w
z
RT
PI x  ln

1

1

(8)
(9)
(10)

For sensing the K concentration in solutions, Eq. (7) can be
further rearranged as follows:
ln aK 

F
E
RT

concentrations of K in the solution, the change in absorbance is different. Thus, if the z value in Eq. (8) is known, the
K concentration in the solutions can be detected based on
Eq. (11) by applying a constant potential to the electrode.

(2)

Applying the Nernst equation to Eq. (2) gives
E  E0 
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E0   PI x

(11)

so that a linear relationship between ln aK and PI(x) can be
obtained. If we apply a potential (<0.6 V versus Ag/AgCl) to
the PB modified electrode in solutions containing K,
according to Eq. (3) the value of the PB activity ratio to
ES in a thin film will change. Because the thin film
absorbance is proportional to the PB mole fraction in the
thin film, the absorbance will also change. For different

All chemicals used were reagent grade and were not
further puri®ed. De-ionized water was used throughout.
Transparent conducting TO glasses were used as the electrode for K sensing. TO glasses were obtained from a local
supplier (Sinonar Corporation, Hsinchu, Taiwan). The sheet
resistivity of the SnO2 ®lm was 15 O/&. TO glasses were
washed in 0.1N HCl and de-ionized water using an ultrasonic cleaner for 15 min. The TO glasses were then stored in
air before use. The geometric area for PB thin ®lm deposition was 2 cm2 (1 cm  2 cm). A conventional three-electrode system was used. A platinum electrode with a
geometric area of 0.25 cm2 was used as the counter electrode. A potassium chloride saturated silver±silver chloride
electrode (Ag/AgCl) was used as the reference electrode, all
potentials were recorded and reported with respect to this
electrode.
Deposition of the PB thin ®lms on TO glass was based on
the modi®ed procedure of Itaya et al. [11], the so-called
electrodeposition-galvanostatic method, ED-G. The plating
solution was prepared from an equivolume mixture of
20 mM K3Fe(CN)6 and 20 mM FeCl3 aqueous solutions
containing 0.1 M HCl and 0.1 M in KCl. The current density
used was 20 mA/cm2. PB thin ®lms were washed with deionized water after deposition and stored in air several days
before use. The electrode was cycled 10 times between 0.6
and 0.2 V (versus Ag/AgCl) in 1 M KCl before use in
order to ensure potassium ion insertion into the thin ®lm.
The voltammetric measurements were carried out with the
usual three-electrode con®guration. An Eco Chemie
(PGSTAT30) instrument was used to control the potential
applied to the electrode. A UV±VIS spectrophotometer
(Shimatzu, Model UV-1601PC) in combination with the
above-mentioned potentiostat was used to record the in situ
PB thin ®lm absorbance changes under various applied
voltages. The potassium ion sensing experiments were
carried in a measuring cell placed inside the UV±VIS
spectrophotometer. The apparatus set-up is shown in Fig. 1.
3. Results
3.1. Governing equation for K sensing
Before proceeding with the K sensing, a governing
equation, which can describe the behavior of PB thin ®lm
in solutions containing different concentrations of K, is
required. The extent of the PB reduction depends upon the
potential applied to the electrode and the K concentration
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Fig. 1. The apparatus for K sensing.

in the solution. If a constant potential is applied to the
electrode, the K concentration can be measured by monitoring the extent of the PB reduction. A relationship
between the PB mole fraction in the thin ®lm, x, and the
potential applied to the electrode, E, should be established
®rst. According to Eq. (7), in order to establish the relationship between PI(x) and the potential applied to the electrode,
E, the values of x and E0 must be obtained.
According to the early studies on the electrochemistry of
PB thin ®lm [10], the partially reduced PB behaves like a
solid solution, and the absorbance of the thin ®lm at 700 nm
is directly proportional to the mole fraction of PB, x, which
can be expressed as
x

A Amin
Amax Amin

(12)

where A is the absorbance of the thin film, Amax and Amin are
the absorbance of the thin film measured at the electrode
potentials set at 0.6 and 0.2 V versus Ag/AgCl, which
correspond to the pure PB and ES states of the thin film,
respectively. The PB mole fraction within the thin film can
be obtained by monitoring the change in absorbance.
For solutions containing different K concentrations, the
values of E0 can be obtained from the average values of the
cathodic and anodic peak potentials in the cyclic voltammograms. Fig. 2(a) shows the cyclic voltammograms of the
PB electrode in solutions containing 1, 10 1, and 10 2 M
K. The scan was run slowly at 1 mV/s in order to ensure
equilibrium conditions. The E0 values were evaluated from
the mean values of the paired peak potentials, with a good
linear relationship against log CK with a slope  53:2 mV/
pCK , as shown in Fig. 2(b). The slope is somewhat smaller
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Fig. 3. Mole fraction of PB within the thin film vs. potential applied to the
electrode in solutions containing different K concentrations. The dashed
curve was calculated using Eq. (7) for K concentration of 1 M only. The
solid points are experimental values. The solid curves in region I and
region II are calculated from Eqs. (7) and (15), respectively. For region I,
the parameter used is z  1:25, while for region II, the parameters used are
A12  1:25 and A21  2:5.

where A12 and A21 are constants. Since a  gC, using
Eqs. (13) and (14), the Nernst equation can again be rearranged as follows:
E  E0

RT II
P x
F

(15)

where
Fig. 2. (a) Cyclic voltammograms of PB modified electrode in solutions
containing 1 M, 10 1 M, and 10 2 M K. Scan rate  1 mV/s; (b) The
relationship between E0 and log CK .

than 58.8 mV/pCK , as obtained by Krishnan et al. [1] or the
ideal Nernst slope (59.2 mV/paK ). This may result from the
resistance of the substrate or some unknown side reaction
during the reduction and oxidation reactions.
By using the experimental data from x and E0 , the value of
z in Eq. (8) can be estimated. Eq. (7) was chosen as the
governing equation for K sensing. For the plot of x versus
E, Eq. (7) ®ts the experimental data well with z  1:25 for
0:25 < x < 1 but fails for 0 < x < 0:25, as shown in Fig. 3.
To make the comparison easier, the deviation from the
regular solution behavior is only illustrated by the dashed
curve for the K concentration of 1 M. In fact, this is true for
0 < x < 0:25, regardless of the K concentration. In order to
®t the experimental data for 0 < x < 0:25, we introduce the
Margules equation [12] to describe the behavior of the solid
solution. According to the Margules equation, the activity
coef®cients of PB and ES can be expressed as follows:


gPB  exp 1

x2 A12  2 A21

gES  expx2 A21  2 A12

A12 x

A21  1

x

(13)
(14)

PII x  ln

1

x
x

 A12 x

1 1

3x  A21 3x

2x
(16)

and the governing equation for K sensing is simply replacing the PI(x) term in Eq. (11) by PII(x) as
ln aK 

F
E
RT

E0   PII x

(17)

Fitting of Eqs. (7) and (15) into the experimental data is also
shown in Fig. 3 for regions I and II, respectively. Eq. (15) fits
the experimental data well with A12  1:25 and A21  2:5
for 0 < x < 0:25. Thus, the changing characteristics of the
PB mole fraction in solutions, containing different K
concentrations under various applied potentials, are governed by two equations, namely, Eq. (7) with z  1:25 in
region I for 0:25 < x < 1, and Eq. (15) with A12  1:25
and A21  2:5 in region II for 0 < x < 0:25.
3.2. K sensing
When a potential (<0.6 V versus Ag/AgCl) is applied to
the PB thin ®lm electrode in solutions containing K, PB is
immediately reduced and the absorbance of the thin ®lm, as
well as the PB mole fraction, decreases. Different extents of
PB reduction can be achieved depending upon the potential
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4. Discussion
4.1. The sensing limit for K

Fig. 4. The mole fraction of PB in response to various K concentrations.
Potential applied to the electrode was 0.2 V vs. Ag/AgCl.

applied and K concentration in the solution. Upon applying
the potential, the PB mole fraction in the thin ®lm responds
to the K sensing, as shown in Fig. 4. A steady-state response can always be reached in 60 s for 10 5 M
< CK < 1 M. The higher the K concentration in the
solution, the shorter the time needed to reach the steady
state. By evaluating the PB mole fraction, x, through the
change in thin ®lm absorbance, the calibration curves can be
established by plotting PI(x) or PII(x) against log CK . For
different applied potentials, depending on the PB mole
fraction measured, a suitable governing equation is chosen
to construct the calibration curves. In Fig. 5, when 0 mV
(versus Ag/AgCl) is applied to the electrode, a linear
relationship between PII(x) and log CK is observed for
3:3  10 2 M < CK < 1:0 M. However, when 100, 150,
and 230 mV (versus Ag/AgCl) are applied to the electrode, a
linear relationship between PII(x) and log CK can be
extended for 3:3  10 4 M < CK < 1:0 M.

The sensing limit is reached under two conditions: (1) the
K concentration in the solution is too low; and (2) the PB
reduction driving force is too large. There must be cations
inserted into the PB lattice while a driving force is applied to
the electrode. If only low concentrations of K exist in the
solution, K cannot be transported in time to satisfy the
electroneutrality requirement, so other cations, such as H,
are forced to insert into the PB lattice. As a result, the K
insertion is no longer the major contribution to the reduction,
and the sensing limitation is reached. For solutions with low
K concentrations, because the sensing limit is reached, the
change in absorbance (corresponding to the mole fraction of
PB, x) becomes indistinguishable. The sensing limitations
shown in Fig. 5 were reached for this reason, as shown by the
dashed curves in (b), (c), and (d). Because the potential
(<0.6 V versus Ag/AgCl) applied to the electrode can be
regarded as a driving force for PB reduction, a more negative
applied potential corresponds to a larger driving force. The
PB thin ®lm could crash when a more negative potential is
applied to the electrode. PB thin ®lm dissolving into the
solution can be observed under these conditions. The dashed
line in curve (a) in Fig. 5 shows this kind of sensing limit.
It is also noticed that, when a more negative potential is
applied to the electrode, PB thin ®lms, deposited by the
constant potential method always crashed easier than those
deposited by the ED-G method. When the thin ®lm crashes,
the blue material from the surface of the PB thin ®lm
dissolves into the solution. If a larger driving force is used
during K sensing, the hydrated K ion will be inserted into
the PB lattice with higher mobility. The induced stress
within the PB lattice will then become greater. Since thin
®lms deposited by the ED-G method occurs much slower
than the constant potential method, the PB molecules have
plenty of time to rearrange the lattice structure in a more
ordered way. This means that the thin ®lms are more
compact than those deposited by the constant potential
method, thus can stand longer during K sensing.
4.2. The interference of other cations on K sensing

Fig. 5. The plot of PI(x) or PII(x) against log CK while (a) 0 mV; (b)
100 mV; (c) 150 mV; (d) 230 mV vs. Ag/AgCl were applied to the PB
modified electrode in solution containing different concentrations of K.

Although the channel formed by the PB lattice structure
acts as a molecular sieve, hydrated cations with radii larger
Ê are dif®cult to insert into the lattice [8]. The
than 1.51 A
Ê , in
existence of other cations, with radii larger than 1.51 A
the analyzed solution could still interfere with the K
sensing. The insertion of these cations can still take place
under the same two conditions for reaching the sensing
limitation, but with a somewhat different mechanism. In the
case when a large driving force is applied to the electrode,
because of the need for quick cation insertion, other cations
Ê can be
in the solution with radii not far larger than 1.51 A
forced to insert into the PB lattices. Although the insertion of
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the PB thin ®lms is observed when the sensing limit is
reached. The structural difference of the PB thin ®lm can
also in¯uence the sensing limitation. The PB thin ®lms
deposited by the constant potential method always crashed
easier than those deposited by the ED-G method. Other
cations in the solution, such as Na and Ba2, will in¯uence
the K sensing and cause irreversible reduction of the PB
thin ®lm.
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while the potential (<0.6 V versus Ag/AgCl) is applied. If
there is not enough K for the PB reduction in the solution,
other cations can also be forced to insert into the PB lattices.
The interference of Na and Ba2 on K sensing are shown
in Fig. 6. The existence of 0.1N Na in the solution lowers
the limit of K sensing to about 2  10 3 M. There was
almost no interference on the K sensing caused by the
existence of 0.1N Ba2. The Stoke's law radii calculated
Ê for K,
from the limiting mobility are 1.25, 1.83, and 2.81 A

2
Na , and Ba , respectively [8]. The smaller interference of
Ba2 on K sensing can be expected when comparing that of
Na on K sensing. Moreover, it can also be expected that
the interference of cations will be greater if the radii of their
hydrated ions are closer to that of the sensed ion.
5. Conclusions
A new method of potassium ion sensing based on PB thin
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reached for very low concentrations of K in the solution or
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