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Abstract In this study, we examined the synthesis of
Prussian blue onto p-Si(100). The Prussian blue forma-
tion was carried out by means of the deposition of a Fe
film and then its dissolution in presence of potassium
hexacyanoferrate(Il). In the first stage, a study by cyclic
voltammetry was carried out, and then, using the
potential step method, the corresponding nucleation and
growth mechanism were determined. Likewise, a mor-
phologic analysis of the deposits obtained at different
potential values by means of atomic force microscopy
was carried out. The results are consistent with a 3D
progressive nucleation with diffusion-controlled growth.
Finally, this research is oriented to construct electro-
chemical storage devices which can be in situ loaded by
the photovoltaic action of the semiconductor base
material doped silicon.
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Introduction

Metal hexacyanometallates (MeHCM) are compounds that
lend itself to a detailed study of the insertion electrochem-
istry. These correspond to mixed-valence compounds where
Prussian Blue (PB) or iron (III) hexacyanoferrate(Il) (with
A=K and M=Z=Fe in the above generic formula) being
the classical prototype. This type of compounds have been
widely studied, therefore, the knowledge, related to
structure [1-10], redox properties [11-15], applications
[16-18], among others, is clearly described in the
concerning literature. Nevertheless, in spite of the above,
studies concerned with the nucleation and growth mecha-
nism (NGM) of these compounds, deposited on electrode
surfaces, have received scarce interest, with only a couple
of researches existing on this theme [19, 20]. Research in
this area is important because it would provide interesting
information about how these phases are formed on a
determined electrode substrate, especially if certain proper-
ties of these MeHCM compounds were found to be
applicable to the modification of an electrode surface for
a determined purpose. Similarly, according our knowledge,
a study about the NGMs of cyanometallate compounds on a
semiconductor surface, and specifically on silicon, has not
been performed. As it is known, silicon is a semiconductor
substance that has been broadly employed as a solar energy
converter material in photovoltaic/photoelectrochemical cells
as well as a photoelectrocatalyst material in reactions of
technological and environmental interest [21-29]. Neverthe-
less, under determined conditions, silicon suffers photo-
corrosion which limits its applicability. Notwithstanding, the
silicon photocorrosion could be avoided if a surface film of a
compound like a MeHCM film could be formed on it. Thus,
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the MeHCM surface film on silicon not only would limit or
avoid the recombination electron/hole by means of the
capture of the photogenerated holes, but also would control
the moisture degree of the silicon surface [30, 31]. On the
other hand, taking into account the semiconductor character
of silicon and the wide range of redox potential that is
present the family of MeHCM [32, 33], it is possible to
imagine that an adequate coupling of silicon/MeHCM would
be the base for the design of efficient photovoltaic systems
for accumulating energy. In order to achieve this objective,
the deposit of the MeHCM film on silicon must be thin,
adherent, and optically transparent to the exciting photons.
Therefore, a control of the characteristics of the deposit of
MeHCM to be obtained on silicon must start, getting
information on how this deposit takes place, and in this
sense, a study about the NGM of these substances on a
silicon substrate appear as very important.

In the present article, the NGM of a PB phase electro-
formed onto p-Si(100) was performed by the method of
potentiostatic pulses. The PB phase was formed by the two-
step electrosynthesis strategy. Firstly, a Fe film was
previously electrodeposited onto a silicon substrate from
an acidic Fe (III) ion solution. In the second step, the Fe
film obtained, after transfer to an aqueous solution
containing the potassium hexacyanoferrate (II) salt, was
anodically stripped, and the PB phase formation takes place
onto the silicon electrode. Thus, the control of the ionic
product in the electrode—solution interface (which permits
the control of the precipitation of PB) was possible by
tuning the applied potential value. The current density/time
transients, #/t, obtained under different potential conditions,
were analyzed and interpreted according to the laws that
govern the electrodeposits of the metallic phases on
metallic electrode substrate.

Experimental section

Prussian blue deposition was performed on monocrystalline
p-Si (100) with a resistivity between 0.01-0.3 Qcm (Npy=
5x10' ¢m™) B-doped and polished/etched surfaces (Int.
Wafer Service, CA, USA). The silicon wafer was cut into
rectangles (1.0x2.5 cm?) that were first degreased in
boiling acetone for 10 min. Then, they were sequentially
cleaned ultrasonically for 10 min in acetone, ethanol, and
finally with water. Next, the electrodes were treated for
10 min with a 1:1 H,SO4/H,0, (98% w/w and 30% vol)
mixture heated up to 80 °C in order to remove any trace of
heavy metals and organic species. Afterwards, the oxide
film was removed by etching with 4% hydrofluoric acid
(HF) solution for 2 min and thoroughly rinsed with ultra
pure water. The ohmic contact was made with InGa eutectic
on the etched face of the samples, and the electrodes were
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mounted onto a Teflon holder. The silicon area exposed to
the solution was 1.0 cm”. Before the experiments, the
electrode surface was again etched for 2 min in 4% HF
solution. For each measurement, a new electrode of p-Si
(100) was used, due to the well-known fact that some
metals can diffuse into the inner of silicon [34, 35].

For the voltammetric studies of Prussian blue deposition,
a platinum wire was used as a counter electrode, and
mercury/mercury sulfate electrode (Hg/Hg,SO4, K,SO4
(saturated), 0.640 V vs. NHE) was used as a reference
electrode. All the potentials reported in this study refer to
this reference electrode.

The electrolytic solutions were prepared using distilled
and deionized water (Millipore) with a resistivity of
18 MQ cm. Analytical grade reagents from Merck
(H3BO3, Nast4, KzSO4, Fest4-7H20, HzSO4) and
Fluka (K4[Fe(CN)g]x3H,0) were used.

Two electrochemical cells were used in the experiments;
both of them were made of Teflon and possessed an optical
pass. Cell (1) was used for recording the voltamogramms
and for the Fe deposition. The latter was achieved by means
of chronoamperometry in a solution containing 0.02 M
H3;BO;+0.1 M Na,SO4+0.1 M K,S0,+0.02 M Fe,S-
04-7H,0+0.01 M H,S0O,. The oxidation of iron to Prussian
blue was performed in cell (2) with a solution containing
0.02 M H3BO3+0.1 M Na,S04+0.1 M K,S0,4+0.02 M
K4[Fe(CN)4] x3H,0+0.01 M H,SO,.

The following protocol was followed: following the
cleaning procedure (see above), the p-Si(100) electrode was
mounted in the Teflon holder leaving 1 cm? as the electrode
surface area exposed to the solution. Then, the electrode
was transferred to cell (1) where, in the first stage, the
voltammetric characterization of iron deposition was
carried out, and later, a new p-Si substrate was used for
the potentiostatic iron deposition process which was
followed by chronoamperometry, keeping the overall
charge for deposition at 3 C. After this procedure, the
electrode was washed and immersed in the solution
containing the hexacyanoferrate (II) solution. Cyclic vol-
tammetry experiments were carried out at room temperature
and at a scan rate of 0.010 Vs '. All the measurements
were carried out under illumination unless the opposite is
indicated. [llumination was performed with a xenon lamp of
75 W (Oriel Instruments 6263) mounted in a lamp holder
(Oriel 66902) and using a water filter (Oriel 61945) and a
1 m length optical fiber (Oriel 77578). A power supply of
40-200 W (Oriel 68907) was used to generate the arc in the
lamp. The illumination power was quantified inside the cell
by means of a power meter (Oriel 70260). The samples
illuminated with the Xe lamp reach a light intensity of
4.0 mW cm . A pure argon stream was passed through the
solution for 30 min before measurements, and over the
solution during the experiments.
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The electrochemical measurements (cyclic voltammetry
and chronopotentiometry) were performed using Princeton
Applied Research model 273A equipment. All samples
used for ex situ AFM were prepared in the electrochemical
cell (1). The AFM images were obtained with a Digital
Instrument Nanoscope Illa series employed in tapping
mode at a scan rate of 0.02 pum/s.

Results and discussion

Cyclic voltammetry analysis of iron deposition onto p-Si
(100) under illumination

Figure 1 shows the potentiodynamic j/E profiles for a p-Si
(100) electrode in 20 mM FeSO4x7H,0+0.1 M Na,SO4+
20 mM H;BO5;+0.01 M H,SO, solution under illumina-
tion. In this Figure, in the initial negative scan, a cathodic
peak (1) starts at about —1.1 V which is attributed to the
iron electrodeposition process and the hydrogen evolution
reaction. In the positive scan, the current presents a
hysteresis indicating the increase of the hydrogen evolution
reaction on the growing iron layer. At —0.8 V, a cross-
linking of the currents (forward and reverse scans) was
observed, which can be associated to the reversible
potential Fe®/Fe®*. At potentials more positive than
—0.8 V, a peak is developed at —0.5 V associated to iron
dissolution designed by number 2.

Taking a new p-Si(100) electrode, a potential of —1.3 V
was imposed, and the iron deposition was followed by
chronoamperometry. At this potential value, the iron electro-
deposition takes place. The process was interrupted when the
passed charge density was 3 Ccm 2. Considering a preferen-
tial crystalline plane of (111), the charge corresponding to 1

2ze\/§ — 4ze\/§

monolayer is Oni11= Ve o where the iron atomic
0

o
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Fig. 1 Potentiodynamic i#/E profiles of p-Si electrode in an iron(Il)
solution. First, fifth, and tenth cycles correspond to solid, dash and dot
lines, respectively. The direction of solid arrow indicates the increase
of the number of cycles

diameter, d, is 0.252 nm. Therefore, the equivalent charge to
an iron monolayer is 0.579 mC cm 2. Moreover, a charge
value of 3 Cecm 2 corresponds to approximately 5,180
monolayers, corresponding to a thickness of 1.3 pm (assum-
ing a 100% of faradaic yield). With these approximations
and for a visual inspection, we assumed that the p-Si
substrate was completely covered with an iron film. Later,
the p-Si/Fe modified substrate was immersed in a 20 mM
K, Fe(CN)s+0.1 M K,SO4+20 mM H;BO;3+0.01 M H,SO4
solution, and the current density versus potential was
recorded for an oxidation scan. This voltammogram is
depicted in Fig. 2.

This voltammogram presents a complex process attributed
to oxidation of iron film between —0.9 Vand —0.3 V. In this, it
is possible to observe a peak localized at —0.55 V, which
would indicate the dissolution of iron film by holes in valence
band of semiconductor, and then, the precipitation process of
Prussian blue considering the following reaction.

Fe() — Fef) + 3¢ (1a)

4

3+ -
Fe (aq)

(aq +K

)+ [Fe' (CN),] g@

— K{Fe"'[Fe" (CN)] } (1b)

(s)

At potentials more positive than —0.3 V, silicon oxide
formation is observed. Based on these observations, the p-
Si/Fe modified electrode was polarized at —0.8 V for 100 s,
with the aim to ensure a complete conversion of the
metallic iron to PB, which was confirmed by direct
observation.

Nucleation and growth mechanism: j/¢ transient analysis
for p-Si/PB interface

Determination of the nucleation and growth mechanisms of
PB on p-Si was carried out by means of the analysis of the
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Fig. 2 Potentiodynamic i/E profile of p-Si/Fe electrode in a potassium
hexacyaneferrate(1l) solution
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Jj/t transients. In Fig. 3a are shown the chronoamperometric
transients at different potential values, obtained from the
dissolution of four iron films under conditions mentioned
above. This dissolution was carried out in the presence of
potassium hexacyanoferrate(Il) allowing a supersaturation
of iron ions at the interface and thus the precipitation of PB
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Fig. 3 i/t transients for iron dissolution and subsequent Prussian blue
precipitation onto a p-Si(100) for potential steps indicated in the figure
(a). In b, dimensionless plots for the current transients from (a), solid
and dot lines correspond to the calculated curve for the growth laws
for 3D diffusion-controlled instantaneous and progressive nucleation
mechanisms, respectively. In ¢, ifreeZ/ 3 vs. t plot for the transients from
(a) before the current and time maximum: inverted triangle —0.775 V,
triangle —0.750 V, white circle —0.725 V, black square —0.700 V
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according to the applied potential. The transients are
characterized by an initial increase in the current value and
then a decay that reaches a constant value at longer times
(>100 s). This initial increase in the current is due to the iron
dissolution and subsequent nucleation and growth of PB onto
silicon. Then, these growth centers, together with their
respective diffusion zones, begin to overlap inducing a
decrease in the deposition area, and this way, a decrease in
the current density value until a limit is reached. Another
important aspect is that when the potential value is more
positive, the time (#,.,) corresponding to the current
maximum (i,.¢) decreases and the current maximum value
increases. These aspects could be associated with a
nucleation of hemispherical centers under diffusion-
controlled growth. However, it must be considered that the
position of the current maximum can be associated to mixed
control regimes: complete charge transfer and combined
charge transfer and diffusion control which correspond to the
limitations of the growth kinetics. Furthermore, the shift of
tmax and in.c can be considered valid not only for
hemispherical clusters but also for different geometrical
forms. As a first criterion and in order to determine the
nucleation and growth mechanisms of PB on p-Si (100), we
tried to distinguish between instantaneous and progressive
nucleation; the experimental data are represented in a
nondimensional form. Figure 3b gives the data from
Fig. 3a in coordinates (z'/z'mx)2 Versus t/tnac. This is in
accordance with the theoretical models of nucleation and
diffusion-controlled growth of hemispherical clusters. The
models for instantancous and progressive nucleation are
given by Egs. (2a) and (2b), respectively [36, 37]:

2 fnax t \1?
= 1.9542. ( t ) : {1 fexp(fl.2564 )] (2a)

lﬂ’!aX max

2

i b 2T
——= 1.2254 - ( h ) . [1 —exp <—2.3367t2—)] (2b)

lmax max

where i, 1S the current and 7,,,,, is the time coordinate of a
chroamperometric peak. As can be seen from Fig. 3b in the
initial portion, the experimental data follow a three-
dimensional progressive nucleation with diffusion-controlled
growth mechanism, i(t)PN3de\. However, after f.,., large
deviations in this model can be observed. These deviations
can be attributed to the presence of a parallel reaction to the
PB electroprecipitation, attributed to the silicon oxide
formation, i(f)pr. Moreover, when only the initial part of
the i/t transients (before maximum) is considered, a igee VS. ¢
plot is obtained. This is in order to exclude overlapping
effects of growing 3D PB clusters and/or diffusions zones.
Figure 3¢ shows the initial parts of the transients in a (ifree)Z/3
versus ¢ plot. The obtained linear relationship corresponds to
a nucleation and growth model including progressive
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nucleation which confirms the model deduced from nondi-
mensional plots. Finally, i is given by [38, 39]:

2
23— —nF 3 V2 kN - (2D - C®)?

Lree
: [1 — exp ("?T"')] 3/2(z —1,) (3)

Where n-F is the molar charge transferred during the
process, D, C*, and V,, are the diffusion coefficient, the
concentration in the bulk of solution, and the molar volume
of the iron hexacyaneferrate species, respectively. k,, and N,
are the steady state nucleation rate constant per nucleation
site (for first order) and surface active sites density,
respectively. The product between both parameters is the
nucleation rate.

In accordance with the above, the experimental i/¢ transients
were then fitted using a mathematical function sum of the two
contributions. The best results were found with the Eq. 4:

i) =Pyt *[1 — exp(—P) )] + Pay[1 — exp(—Pyr’)]

i([>PN3de i(1)pr
(4)
3 1
Where P(l) :%, P(Z) :%anoﬂ%D<@>2,
AM2KE kN, )
P@y = nFksio,, and Py, :%ﬂl n F is the molar

charge transferred during the process; D, C*, M and p are the
diffusion coefficient, the concentration in the bulk solution,

the molar mass, and the density of the iron species,
respectively; k,Ny is the nucleation rate; kg;o, is the constant
rate during the silicon oxide formation.

Figure 4 shows the experimental and fitted (with the
global eq. 4) i/t transients recorded at different potential
values. The fitted error range was 0.1-2%. The separated
contributions for each term are also shown in Fig. 4, and
the electric charge associated with each contribution
expressed as percentages of the transient total charge is
summarized in Table 1.

On the basis of the results shown in Fig. 4 and the
values presented in Table 1, it can be concluded that the
parallel reaction (PR) is the most important contribution.
This is an indication that the PB electroprecipitation
process on p-Si(100) is not the main one. In fact, the
parallel contribution appears in an appreciable form at >
tmax, Which indicates that this contribution is responsible
for the misfit that appears in the nondimensional plot.
According to the results obtained by means of the
progressive nucleation followed by three-dimensional
diffusion-limited growth in equation 4, t,,, and i,,, are
given by [34, 36, 37]:

imax = 04959 51 - F - D - C°F - (8 - 10+ Vin)F - (kaNo)? (5a)

o = 331 DF (8- 7-C V) F- (laNo) ™ (5b)

Assuming that the nucleation rate, k,Ny, is the only
potential-dependent term in the expressions for i, and

Fig. 4 Experimental (white cir- T
cle) and theoretical (solid line) il 1.2
t transients after non-linear
fitting of Eq. 4. At a deposition
potential: a —0.775 V, b

—0.750 V, ¢ —0.725 Vand d
—0.700 V. Dashed lines (I)
correspond to the PN3Dpg.
Dotted lines (2) correspond to
the PR contributions

(a)

il pA cm?
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Table 1 Electric charge and
percentage of the total charge
associated with the contributions
PN3Dp;r and PR obtained from
the i/t transients in Fig. 5 fitted
with Eq. 4

EN Exp. total charge Calc. total charge i(£)pn3py, Charge i(t)pg charge
(uC cm?) (uC ecm™?) (%) (%)

—-0.775 165 165.2 17.7 82.2

—-0.750 258.4 259.8 19.7 80.3

—-0.725 286.9 289.7 18.2 81.7

—0.700 303 300.2 19.1 80.8

fmax, deriving regarding to potential and combining both
equations, we obtain:

dE
d 10g imax

., dE
d log fmax

(6)

Figure 5a shows the dependence of log f#,.x and log
imax With the potential. Considering the slope values
of these relations, dE/d(logtm.) = —128mV/dec and
dE/d(log imax) = 256.4mV /dec, the d(logtmax)/d(10gimax)
coefficient was determined. This value corresponds to —1.97
corroborating the model. The nucleation rate k,N, can be
obtained by combining the equations for i, and #,,,« where
we obtain [36, 37]:

1 (nFC>)?

2 3
Unaxbinax

Jouel = knNo = 0.2898 x (87C*V}y,) (7)

Additionally, the rate of nucleation can be represented by
the classic Volmer—Weber equation [40]:

A Gcri t
kT

INuel = A3pexp (— (8)

Where the pre-exponential factor 43p is only weakly
dependent on the overpotential, and the critical energy for
growth of a nucleus is given by [41]: AG.y = 4B-
V2 .0%/27(e|n|)> Where B is a geometrical factor (367
for a sphere, 6> for a cube), V,, is the atomic volume and o
is the average surface energy. Considering the definition

related to the overpotential dependence of the critical
cluster size [41] as: Ny = 8B - V2 - 03 /27(e|n|) and com-
bining the eq. 8 with the last two equations defined in the
before paragraph, we obtain:

1 dAGqi e

T 2.303kT

dlog Jnuel _
dn| KT din|

Hence, by plotting log (k,Ny) versus the overpotential,
the number of atoms required to form the critical nucleus
size can be obtained from the slope. Figure 5b shows log
(kuNp) vs. potential for the system examined in this study,
and it indicates that the nucleation rate increases exponen-
tially with the applied potential. The N value found from
the slope value of the plot shown in Fig. 6b was <1. The
Ngie <1 result is not a rare event when electrochemical
nucleation takes place on a foreign substrate. According to
Milchev et al. [42], a critical nucleus consisting of zero
particles can be obtained when the nucleation proceeds on
active centers. In this case, at sufficiently high supersatu-
ration, applying a positive overpotential, the iron(III)
concentration at the interface reaches the ionic product of
Prussian blue. An active center on silicon can be considered
as a stable center for growth, playing the role of a critical
nucleus. Furthermore, according to Gunawardena et al.
[43], the significance of small values of N is hard to
evaluate, and they may simply be the result of the
application of a high overpotential, as it was observed by
these authors. Therefore, the determination of N by

N, crit ( 9)

Fig. 5 a Semilogarithmic plot — T T — T "M 1
Of the finax and inyay as a function 45 3 E (@) / ‘s ERYS (b)
of the potential. b Semilogarith- E N 3 [ 7
mic plot of the nucleation rate r \ , 3 A 7 A
calculated from eq. 7 as a N N 7 ] P 7
function of the potential 30 \Q /0 104 “.‘E 0 s
L h 7
2 [ O\, g © (\"E 7
x [ N ] < O 1E0F A .
~E L / N\ E - =~ N s ]
! / \ 103 % =2 ‘
L / \ <E xC P 7
5L 7 o A
e N
L \O
1 1 1 1 ] ] 0_2 1 Eg [] 1 1 1 1
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b))

Fig. 6 3D AFM images of Prussian blue particles on p-Si(100) deposited at different potential values until reaching a constant charge value of
3.0 mC cm™2 a —0.775 V, b —0.750 V, ¢ —0.725 V, d =0.700 V

means of this classical approach constitutes an approxima-
tion and must be considered a different type of experimen-
tation in the future.

Morphology of Prussian blue deposits as studied by atomic
force microscopy

As discussed above, from the j/t transient analysis, a 3D
progressive nucleation and growth mechanism has been
derived, and this should be reflected in the morphology of
the films. To corroborate this, a study of the morphology of
the films was carried out by AFM in tapping mode
technique. Figure 6 shows 8x8-um AFM images of
Prussian blue films deposited onto p-Si(100) at different
potential values under illumination. The iron electrodisso-
lution and the subsequent PB precipitation process was
stopped after a constant charge value of 3.0 mC cm 2,
which is equivalent to about 5-6 monolayers. This last
value was calculated considering that the charge of the iron
dissolved monolayer is 0.576 mC cm > for the (111) plane.
In fact, the XRD measurements (not included) indicate a
preferential plane (111) for the iron deposit on p-Si(100).

Indeed, 3D particle (nuclei) growth can be seen in the
AFM images. The particle density increased when the
potential was more positive. Given that the charge for
deposition was always constant, the particle density
increased, and then their size decreased. All these are in
line with progressive nucleation and 3D growth in the
island mode mechanism (Volmer—Weber mechanism) [34,
44-47].

Conclusions

The study of Prussian blue synthesis by means of precipitation
on p-Si(100) indicates that the nucleation and growth
mechanism corresponds to a 3D progressive nucleation and
diffusion-limited growth (PN3Dp;s), mechanism confirmed

(d)

by means of AFM. However, it is important to notice that the
presence of a parallel redox reaction to the electroprecipita-
tion process produces deviations from the nucleation and
growth models when they are fitted to experimental data. In
this context, an expression for this parallel reaction
corresponding to the silicon oxide formation was proposed.
Finally, it was demonstrated that the Prussian blue formation
onto p-Si(100) is possible. In future researches, we will show
the photoelectrochemical and optical characterization of this
film onto silicon.
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