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Abstract Scanning electrochemical microscopy (SECM)
is used to form local deposits of different Prussian blue
analogs on macroscopic surfaces of gold and glassy
carbon. Dissolution of Co and Ni sacrificial ultramicro-
electrodes (UMEs) generates divalent cations in the gap
between the UME and the macroscopic specimen elec-
trode. Co’" or Ni*" precipitate with [Fe(CN)¢]*
formed by reduction of [Fe(CN)¢*>" at the macroelec-
trode. By moving the UME while generating Co”>" or
Ni*™, lines can be “drawn” with a width of 130 pm. The
line width can be adjusted by reagent concentration and
translation speed of the UME. Different pulse programs
allow the formation of ring-shaped structures. The de-
posited hexacyanoferrate microstructures show catalytic
activity for the reduction of Fe** which was imaged in
the feedback and generation-collection modes of the
SECM.
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Introduction

Electrodes modified with Prussian blue analogs have
received considerable interest in recent years because of
their widespread applicability. The ion exchange prop-
erties have been used for the absorption of radioactive
caesium from waste waters [1, 2, 3]. Sensors for different
alkaline earth metals ions, alkali metals ions, heavy
metal ions and NH, " are based on recording a shift of
the peak potential in cyclic voltammograms (CVs) [4, 5,
6] of metal hexacyanoferrate-carbon composite
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electrodes [4], of metal hexacyanoferrates immobilised
on electrodes [5] or of membrane electrodes [6]. The
peak shift correlates with the logarithm of the analyte
ion concentration. Amperometric sensors have also been
investigated which are based on the electrocatalytic
properties of metal hexacyanoferrates for oxidation of
NH;0H*, NO, ", S,04>, N,H, [7] and H,0, [8], or on
the electrocatalytic reduction of Fe*" [9]. The electro-
catalytic oxidation of H,O, has also been used to con-
struct a glucose biosensor by combining a Prussian blue
analog-modified electrode with a layer of immobilised
glucose oxidase [10, 11]. Intensive investigations have
been devoted to the physical properties of metal hexa-
cyanoferrates like their electrochromic behaviour [12,
13, 14], magnetisation [15, 16, 17], the lattice contraction
and expansion [18, 19] and the diffusion of ions within
the hexacyanoferrate structures [20, 21].

Modification of electrode surfaces with cobalt and
nickel hexacyanoferrates has been achieved by electro-
chemical synthesis. One route is based on performing
CVs in a dilute solution of Co®>* or Ni ** that addi-
tionally contains [Fe(CN)g]>™ [7, 22]. Alternatively, metal
hexacyanoferrates can be obtained by galvanic deposi-
tion of Me (Me=Co, Ni) from a Me”?"-containing
solution followed by solution exchange and a positive-
going potential scan in a solution of [Fe(CN)¢*  and
KCI. This causes the simultaneous dissolution of the
deposited metal and the formation of [Fe(CN)¢]*,
leading to a precipitation of K,Me[Fe(CN)g] [23].

Recently, scanning electrochemical microscopy
(SECM) has become a versatile tool for imaging the
local electrochemical reactivity of various surfaces
ranging from composite electrodes [24, 25] and (electro)-
catalytically active surfaces [26] to liquid/gas interfaces
[27]. The SECM has also been used for local modifica-
tion of surfaces [28]. Procedures of modification are
based (1) on exploiting the inhomogeneous electric field
between a microelectrode and a specimen for local
electropolymerisation of conducting polymers [29],
etching of metals [30] and local desorption of self-
assembled monolayers [31, 32] (direct mode); (2) on local
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generation of reagents for deposition processes [33],
local etching of semiconductors and metals [34], and
initiating of pitting corrosion [35, 36]; or (3) on local
perturbation of an equilibrium [37].

In this work a sacrificial ultramicroelectrode (UME)
was used to generate divalent cations. [Fe(CN)g]* ions
are simultaneously generated at the specimen electrode.
In contrast to earlier research [33], the metal cations are
not deposited galvanically at the specimen electrode
but combine with [Fe(CN)¢]* to form an insoluble
precipitate (Fig. 1). Because the cation formation at the
UME and the [Fe(CN)¢]* generation at the sample can
be influenced by separate potential programs, the de-
position process can be controlled by the experimental
conditions. The electrocatalytic properties of the result-
ing microstructures were characterised by the imaging
modes of the SECM.

Experimental

Chemicals

All chemicals were of analytical grade. K;3[Fe(CN)g], CoCl, x
6H,0, NiCl, x 6H,O and KCl were purchased from Merck
(Darmstadt, Germany). Gold (99.98%), cobalt (99.9%, radius
r=25 um), nickel (99.98%, r=12.5 pm) and platinum wires
(99.98%, r=12.5 pm and 25 um) were obtained from Goodfellow
(Bad Nauheim, Germany). Experiments were performed in 0.1 M
KCl solution prepared from deionised water (LiquiPure, Christ,
Stuttgart, Germany).

Substrates

Macroscopic gold specimens were either glass plates coated with
50 nm Cr and 2000 nm gold or a freshly polished pen-shaped gold
electrode (2 mm diameter, CH Instruments, Cordova, USA). The
procedure was also tested on glassy carbon electrodes (3 mm, CH
Instruments).

SECM procedures

Pt UMEs were prepared according to the procedure of Kranz et al.
[38]. Co and Ni UMEs were prepared by a similar process using
cobalt or nickel wires. The SECM experiments were performed
using a self-built SECM [39] with a three-axis inchworm (Burleigh,
Fishers, NY, USA) positioning system and a home-built bipoten-
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Fig. 1 Schematic of local precipitation of K,;Me[Fe(CN)g].
Dissolution of a sacrificial UME generates divalent metal ions
that precipitate with [Fe(CN)¢]* simultaneously formed at the
specimen electrode

tiostat. The voltammetric experiments were either done at the
SECM or at an Autolab PGSTATI10 potentiostat (ECO-Chemie,
Utrecht, The Netherlands) at an ambient temperature of 295+ 1 K.
Electrochemical cells were completed by a saturated calomel elec-
trode (SCE, Hg|Hg,Cly|saturated KCl from EG&G, Munich,
Germany) as reference electrode and a platinum wire (in SECM
experiments) or an 1 cm? platinum plate (conventional cells) as the
auxiliary electrode. All potentials in this paper are given with
respect to the SCE.

Optical microscopy and scanning electron microscopy

Optical images of the microstructures were obtained with a Stemi
2000 microscope (Zeiss, Oberkochen, Germany) connected to a
CCD camera. Scanning electron microscopic (SEM) images were
recorded on DSM940 (Zeiss, Oberkochen, Germany) with 10 kV
electron energy and a working distance of 5 mm.

Results and discussion

Two local precipitation procedures were developed using
one or two electrochemical processes at the UME. For
the technique of microdepositioning K,Co[Fe(CN)¢] or
K, Ni[Fe(CN)¢] in one electrochemical step, UMEs with
radii of rco =25 pm or r; = 12.5 um were manufactured.
One of these UME was brought to mechanical contact
with the substrate and then retracted one radius of the
UME. The potential was set at the tip to Er=-1.0 V and
at the specimen to Eg= +1.0 V and a K;5[Fe(CN)g] so-
lution was filled into the cell. The potential was switched
to Es=0.0 V ([Fe(CN)¢]* reduction) and Ex= +0.75V
(metal dissolution) while the UME was moved parallel
to the substrate. By doing so, a local precipitate on the
sample electrode was obtained. The deposition was
stopped by re-applying the starting potential of Etr=
—1.0 V to the UME.

Precipitation occurs at the mixing zone of
[Fe(CN)g]* formed at the specimen and Co®* formed
at the tip. Since the glass surrounding the sacrificial
UME shields the diffusion of [Fe(CN)g>  to areas
directly below the UME, the reduction current density at
the sample is much larger outside the gap formed by the
sample and the UME and its shielding. [Fe(CN)¢]*
diffuses into the gap where it mixes with divalent metal
ions formed at the tip. Therefore, precipitation occurs
mainly at the outer edge of the insulating shielding of the
UME. The size of the individual lines can be influenced
by the translation speed of the UME and the concen-
tration of the [Fe(CN)]*~ ions in the solution (Table 1).
For the K,Co[Fe(CN)y] precipitation, a slow UME
translation and a low [Fe(CN)g]® concentration results
in a very broad line because the flux of cations generated
at the UME is larger than the generation rate of
[Fe(CN)¢]* in the immediate vicinity of the insulating
shielding of the UME. Metal cations can diffuse out of
the UME-sample gap and form precipitates far
away from the local Me®" source. By increasing the
writing speed to 110 pm s', the width is reduced by
50%. In this case the moving UME enters a solution
volume that already contains enough [Fe(CN)¢]* to



Table 1 Influence of translation speed and [Fe(CN)¢]*~ concen-
tration on the line width of the precipitate using the one-step
procedure

UME  rr (um) c([Fe(CN)g]> ) M) v (um s )*  Width of
from deposition
Co 25 2% 107 8 890

Co 25 2%x107° 110 470

Co 25 2% 1077 470 _b

Co 25 1x 1072 110 130

Co 25 5% 1072 110 _b

Ni 12.5 2% 107 8 850

Ni 12.5 2% 107 110 270

Ni 12.5 1x1072 110 265°

% yr=horizontal translation speed
®No precipitate visible
¢ Precipitate barely visible

form precipitates with the cations generated at the
UME. Further reduction of the line width is achieved by
increasing the [Fe(CN)¢]>~ concentration to 0.01 M.
Figure 2 shows an optical image of an ‘“L”-shaped
deposit of K,Co[Fe(CN)g]. It was formed by moving the
Co UME with a translation speed of 110 pum s ' parallel
to the gold substrate in a 0.01 M K;[Fe(CN)g]+0.1 M
KCI solution. The width of the deposit is reduced to
130 um. Further increase of the translation speed could
not narrow the line width further. At such high trans-
lation speed the moving UME causes considerable
convection in the surrounding solution, which leads to
irregular structures or complete absence of precipitates.
Likewise, a higher concentration of [Fe(CN)g]®
prevented the deposition process.

When writing with the Ni UME (ry;i=12.5 um), a
similar effect was observed (Table 1). In contrast to the
deposition of K,Co[Fe(CN)s], no reduction of the size of
the deposits was achieved by increasing the [Fe(CN)e]>

Fig. 2 Optical microscopic image of a K,Co[Fe(CN)g] structure de-
posited by the one-step protocol; translation speed vr=110 pm s !,
c([Fe(CN)¢>)=0.01 M. Also shown is a mesh with 100 lines per
inch (line spacing 254 um) as length scale
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concentration. Only the amount of deposited material
was reduced, so that the structures were barely visible by
optical microscopy when usinga Ni UMEina 1 x 10 2M
K;[Fe(CN)g] solution. This may be due to a smaller
amount of nickel evolving at the Ni UME with
rNi=12.5 um compared to the Co UME with rco=
25 um.

For the deposition in two electrochemical steps, first
cobalt was deposited on a Pt UME (rp;=12.5 um) in a
solution containing 1 x 10° M CoCl, by running a
voltammetric sweep from —0.5 V to —1.15 V similar to
the method described by Gao et al. [23]. The final
potential was held for 1 min and the electrode with-
drawn from the electrolyte while under potential con-
trol. The modified electrode was rinsed with water,
transferred into a SECM cell containing air-saturated
0.1 M KCI solution and set to a potential of Et=
—1.0 V. The approach towards the substrate was
monitored by measuring the negative feedback of ox-
ygen reduction. The approach was interrupted when
the UME current it had dropped to 50% of the dif-
fusion controlled current in bulk solution it .. Fol-
lowing this procedure, the specimen was connected as
the second working electrode and set to Es=+1.0 V.
The electrolyte was changed to a 2x10° M
K;[Fe(CN)e]+0.1 M KCI solution. The deposition of
K,Co[Fe(CN)g] was initiated by a potential step at the
UME from Er=-1.0 V to Er=+0.75 V, dissolving
the cobalt layer. After a variable time, a potential step
at the specimen from Eg= +1.0 V to E5=0.0 V caused
the reduction of [Fe(CN)¢]>". The UME was switched
back to Er=-1.0 V after 1 min or longer to ensure
complete stripping of the deposited Co metal from the
Pt UME.

The precipitates achieved with this protocol showed a
different structure from those obtained with a sacrificial
UME, because the amount of the divalent cation is
limited by galvanic deposition of Co on the Pt UME
prior to the stripping process. Because continuous
writing is impossible, only spots of metal hexacyano-
ferrate are formed. The timing of the potential steps at
the UME and at the sample determines the size and
shape of the precipitates. Figure 3 shows a optical
image of a K,Co[Fe(CN)y] ring. The ring consists of
K,Co[Fe(CN)¢] and was obtained by a potential step at
the UME followed by a potential step at the specimen
15 s later. The outer diameter of this ring is 450 um; its
width amounts to 100 um. The ring shape structure
resembles the mixing zone of the Co® " ions generated at
the tip and the [Fe(CN)q]* ions formed at the sample.
Because the UME shields the sample region beneath the
UME and its insulating shielding, most of the
[Fe(CN)¢]* found in the precipitates is formed outside
the UME-sample gap and diffuses into the gap. Besides
the factors discussed above for the moving sacrificial
UME, the time lag between metal dissolution at the
UME and onset of [Fe(CN)¢]* formation at the sample
determines how far Co® " ions can move away from the
UME before precipitation can occur with [Fe(CN)¢]*.
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Fig. 3 Optical microscopic image of ring-shaped structure of
K,Co[Fe(CN)g] deposited by the two-step synthesis; UME
switched 15 s before the sample. Ring diameter ~450 pum; ring
line width ~100 pm

By changing the order of the potential steps, the di-
ameter of the ring is reduced to about 100 pm (central
feature in Fig. 4a). Although the optical image suggests
that there is a ring-shaped precipitate as well, SEM
images (Fig. 4b) show that there is a massive block of
K,Co[Fe(CN)4] at one side, while at the other side the
ring is continued by many small discrete crystallites.
This distorted radial distribution of precipitates is most
likely caused by a tilt between the UME and its insu-
lating shielding versus the specimen surface. Another
SEM image (Fig. 4c) shows a change of the crystal size
from the inside of the ring (bottom left) to the outside
(top right). The inner region is characterised by very
small and irregular crystals, followed by a zone of
probably optimum growth conditions, while towards
the outer perimeter only small crystallites occur. This
variation in crystal morphology is probably due to
different concentration ratios of Co®" and [Fe(CN)¢]*
within the precipitation zone. There is a Co®" excess
during the deposition experiment in the inner part, while
at the outer the [Fe(CN)g]* is in excess. In the middle
part, the growth of bigger crystals indicates that the
stoichiometric ratio of Co?>" and [Fe(CN)g]* is found
there.

Layer thickness

During a scan at 100 pm s ' the dissolution current at a
Co UME with rr=25 pum is about 4 pA. Integration
over =11 s results in a charge of Q =44.15 pA s. Using
Faraday’s law, the molar mass of Co, M =58.93 g mol ™!,
and the density of Co, p=28.89 g cm >, the length / of the
Co wire can be calculated that dissolves within 1 s
[h=QM](zFprr*1)]. This value is 70 nm s™'.

An upper value of the layer thickness of the precipi-
tated K,Co[Fe(CN)g] can be estimated using the
dissolution rate of Co (70 nm s ', corresponding to
2 x 10" mol s with rr=25 pm) and estimates for the
area of the precipitate in Fig. 2 (2000 pm X 130 pm=
26x107 m? and the density of K,Co[Fe(CN)g]
(4 formula wunits per unit cell with cell constant
a=10.2 x 10 ' m [40] gives 2.18 g cm °). The maximum
of the deposited volume of K,Co[Fe(CN)¢] during 18 s is
576 x 10 cm®. Thus the maximum possible layer
thickness of the K,Co[Fe(CN)g] precipitate under our
experimental conditions is 220 nm. Profiles of AFM
images of the border between the precipitate of Fig. 2
and the blank sample electrodes show a height of 100 nm
without resolving clear steps or other regular features.
SEM images of precipitates could clearly locate the film
by a lower intensity of secondary electrons but did not
show any regular features or crystallites like those shown
in Fig. 4c. Energy dispersive X-ray emission analysis of
the film and of the adjacent blank sample electrode
clearly showed the presence of Fe and Co only on the
modified electrode areas. We conclude that about 50%
of the Co dissolved at the Co UME is actually found in
the localised precipitate and that the precipitate in Fig. 2
consists of very small crystallites or even amorphous
material.

Visualisation of the catalytic activity of K,Co[Fe(CN)]

Wipf and Bard [26] have already shown the influence of
heterogeneous electron-transfer rate at the substrate on
SECM signals. They used the reduction of Fe“(aq) at
gold as an example for a fast reaction, while the same
reaction is slow at a glassy carbon electrode (GCE).
These differences can be used to image different regions
of modified electrodes. Kulesza et al. [9] showed elect-
rocatalysis of Fe3+(aq) reduction at a glassy carbon
macroelectrode modified with hexacyanoferrates. This
effect is shown in the cyclic voltammograms recorded
with glassy carbon macroelectrodes (Fig. 5). The scan of
the bare GCE shows the reduction of Fe’ ", at 0.0 V
(Fig. 5, curve 3), while at the GCE modified with
K, Co[Fe(CN)g] (x=1 for oxidised and x=2 for reduced
states) the reduction of the Fe’(, occurs already
around +0.2 V (Fig. 5, curve 1). It can be concluded
that at +0.25 V the reduction of Fe“(aq) will be dom-
inated by the reaction at K,Co[Fe(CN)4]. These effects
are used here to visualise the electrocatalytic activity of
K,Co[Fe(CN)4] deposits on glassy carbon at constant
potential Es=+0.25 V. When using Fe*" ,q)/Fe’ " (aq)
as mediator, both the generation-collection mode (GC)
as well as the feedback mode (FB) [41] can be used for
the SECM experiments. The oxidation/reduction of the
KCo[Fe(CN)g]/K,>Co[Fe(CN)g] film itself give rises to
two pairs of signals between +0.4 Vand +0.7 V. Owing
to the loss of deposited material during the first cycles
after preparation, the signal for the reduction of the
K,Co[Fe(CN)g] film in Fig. 5 (curve 1) is smaller than



Fig. 4a— Ring-shaped pre-
cipitate of K,Co[Fe(CN)g]
obtained by the two-step pro-
cedure. The UME switched 15 s
after the substrate; ring diame-
ter ~90 pm. a Optical micro-
scopic image (precipitate is ring
in the center, smaller spots
around the circle are reflections
from dirt particles); b and ¢
SEM images of details

just after preparation (Fig. 5, curve 2). The signal at
+0.66 V can clearly be seen in curves 1 and 2, while the
second reduction signal clearly seen in curve 2 at
+0.47 V merges with the rising part of the large, broad
peak for the reduction of dissolved Fe3+(aq) in Fig. 5,
curve 1. The oxidation signal at +0.53 V in curve 2
corresponds to the shoulder in curve 1 at the same po-
tential while the oxidation of Fe“(aq) in curve 1 results
in the peak at +0.62 V.

After the deposition in one electrochemical step the
deposition electrolyte was exchanged against 2 mM
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Fig. 5 Cyclic voltammograms of / GCE modified with K,Co[-
Fe(CN)g] (x=1 for oxidised and x=2 for reduced states) in a
solution of 2 mM FeCl;+1 M HCI/KCL, 2 GCE modified with
K Co[Fe(CN)¢] in a solution of 1 M HCI/KCI, of 3 plain GCE in a
solution of 2 mM FeCl;+1 M HCI/KCI, and 4 plain GCE in a
solution of 1 M HCI/KCI; scan rate=0.01 V s, Equn=+0.7V,
Eyeriex=—0.3V, Egna= +0.7 V. Modification with K, Co[Fe(CN)g]
was carried out according to [23]
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FeCl;+1 M HCl+1 M KCI solution for GC imaging.
The substrate was set to a potential of Eg= +0.25 V and
the Pt UME to Er=+0.8 V in order to collect the
generated Fez+(aq) ions. The resulting GC image (Fig. 6)
reflects the catalytic activity of the deposited K,Co[-
Fe(CN)g]. Only at the modified regions are considerable
amounts of Fe +(aq) generated, while low currents are
found above unmodified glassy carbon. Because the
Fez+(aq) diffuses away from the point of origin, the
SECM image appears broader than the line width of the
K,Co[Fe(CN)4] precipitate as seen by optical micros-
copy (130 pm).

Higher lateral resolution can be expected from
SECM FB images, which were carried out with a
divalent iron species as mediator [2 mM
(NH4)2FC(SO4)2+O.5 M H2$O4+0.5 M KzSO4] As in
the GC experiments, the UME potential Ey= +0.8 V

Fig. 6 SECM GC image of the electrocatalytic activity of a
K,Co[Fe(CN)g] precipitate; r=12.5 pm; d= 30 pm; solution 2 mM
FeCl;+1 M HCl+1 M KCI; Er=+0.8V; Es= +0.25V



210

Fig. 7 SECM FB image of the electrocatalytic activity of a
K,Co[Fe(CN)g] precipitate; rr=12.5 pm; d=10 pm; mediator
solution 2 mM (NHy),Fe(SO,4),+0.5 M H,SO,+0.5 M K,SOy;
Er=+08V; Es=+025V

causes the oxidation of Fez+(aq). The re-reduction of
UME-generated Fe”(aq) occurs at the K,Co[Fe(CN)g]-
modified regions of the sample at a potential
Es=+0.25 V (Fig. 7). The reduction of the mediator is
fast enough only at K,Co[Fe(CN)g] so that a positive
feedback due to mediator regeneration at the sample is
found only when the UME is located above the depos-
ited K,Co[Fe(CN)] but not when located above the
bare glassy carbon. The lateral resolution of the images
is improved compared to Fig. 6 because the reactant for
the reaction at the sample is provided locally by the
UME. The higher feedback currents can in principle also
originate from a decrease of the UME-sample distance d
above the protruding precipitate. Based on the GC
imaging at large d (where feedback effects are negligible)
and the small thickness of the precipitate (100 nm from
AFM) compared to d, this can be excluded as the
exclusive reason for the increased feedback currents.

Conclusion

A method was presented to precipitate Prussian blue
analogs by means of SECM using two different proto-
cols. The principle was exemplified with K,Ni[Fe(CN)g]
and K,Co[Fe(CN)g], but it should be possible to extend
it to other hexacyanometallates, for which macroscopic
electrochemical surface modification procedures have
been published that rely on precipitation. For continu-
ous writing, a sacrificial UME is prepared from a metal
wire with a diameter not larger than 50 um. The metal
must be electrochemically dissolvable. The dissolution
rate of 70 nm s ! is small compared to the radius of the
Co UME. Therefore, one Co UME could be used for
more than 150 s continuous writing (15,000 um) until the
surrounding glass shield was polished back to be in
plane with the Co UME.

The line width of the deposits is still quite broad but
should be reducible by using scavenger compounds in
the bulk solution, similar to the idea introduced for
several local electrochemical modification protocols [42,
43, 44, 45]. To reduce the line width of the precipitated

metal hexacyanoferrrates, the effect of the insulating
shielding of the sacrificial UMEs and the benefit of
pulsed dissolution of the metal from the UME is cur-
rently being explored.

The catalytic activity of these precipitates can be
investigated using the SECM as an imaging tool with
Fe’" .y as the species reduced at the catalytically
active K,Co[Fe(CN)¢]. FB images showed a better
lateral resolution than corresponding GC images. The
combination of microprecipitation and imaging holds
great promise for creating miniaturised functional
structures.
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