
Solid-State Reactions
DOI: 10.1002/ange.201103386

Solid-State Redox Solutions: Microfabrication and Electrochemistry**
Dezhi Yang, Lianhuan Han, Yang Yang, Liu-Bin Zhao, Cheng Zong, Yi-Fan Huang,
Dongping Zhan,* and Zhong-Qun Tian

The miniaturization and integration of functional components
is of significance in microelectromechanical systems
(MEMS), ultralarge-scale integration circuit (ULSI), and
miniaturized total analysis systems (m-TAS).[1, 2] Electrochem-
ical methods are widely used in not only synthesizing
functional materials, but also constructing these functional
materials into microdevices, such as microsensors, micro-
actuators, motors, and electrocolorimeters.[3, 4] For example, a
few redox couples were constructed into a microfluidic chip as
an electrochemical logic device.[5] Note that the presence of
liquid electrolyte is crucial and impractical in these micro-
devices, especially when their sizes are decreased to micro- or
nanometer scale. Alternatively, it is possible to construct a
solid-state electrochemical device. Solid-state electrochemis-
try has been studied for decades.[6,7] To our knowledge,
however, it has not been used yet in microfabrication.

It is well-known that Na4Fe(CN)6 and Na3Fe(CN)6 can
replace the NaCl lattice units to form the so called “solid-state
solution”.[11–14] Owing to its specific electronic and vibrational
properties, it has wide application as photographic and
scintillators materials. In general, such solid-state solutions
were obtained at ambient temperature by slow evaporation of
saturated aqueous solution of NaCl containing ion hexacya-
nides. Herein we present a novel technique for surface
microfabrication of submicrometer-sized solid-state electro-
lyte of NaCl crystals containing redox couples, which would
promote practical application of solid-state electrochemical
system in microdevices.

Our technique is based on a scanning microcapillary-
supported electrochemical microcell (Figure 1 a).[8, 9] The
microcapillary has a submicrometer- or micrometer-sized
orifice, which forms a microcell with a large substrate of either
ITO or Au thin film coated on glass cover slide. An Ag/AgCl
wire inserted into the micropipette serves as both reference
and counter electrodes. Owing to the capillary force, the
liquid electrolyte at the opening of the microcapillary contacts
the substrate surface with a limited tiny amount of volume so

that electrochemical reactions are confined within the limited
contact region. When the electrochemical microsystem is set
up, linear voltammetry is performed (Figure 1b). Conse-
quently, a cubic microcrystal is formed. The scanning micro-
capillary is moved to the next spot until a microcrystal array is
fabricated. Figure 1 d,e demonstrate the top and side views of
a typical microcrystal from Figure 1c.

As the electrolyte has a pico- or femtoliter volume
exposed to air, the evaporation of water should be avoided
strictly in the scanning microcapillary experiments.[8,9] Dis-
tinct from all the previously reported work, the well-shaped
single microcrystals were obtained by benefiting from the
evaporation of water in the ambient environment. From the
data in Figure 1 b, the theoretically estimated concentration
of Fe(CN)6

4� is 20 more times higher in the vicinity of
substrate surface than in the bulk. The symmetric current
peak shows the characteristic of thin-layer electrolysis,
indicating that Fe(CN)6

3�/4� couples are trapped in the
concentrated electrolyte drop between the substrate and the
microcapillary. Water evaporation makes the supersaturated
precondition for microcrystal formation. Second, the per-
centage of iron hexacyanide in the solid state solution is
adjustable through changing the concentration of Na4Fe(CN)6

in the NaCl solution.[10–13] As shown in the Supporting
Information, S1, the Raman intensity of the single mirocrystal

Figure 1. a) The scanning microcapillary-based electrochemical micro-
system, where SECM is a scanning electrochemical microscopy work-
station used for electrochemical modulation and also 3D control of
the microcapillary. b) The linear scanning voltammogram recorded
during the microfabrication of the microcrystals; the aqueous solution
inside the microcapillary contains 1.0 � 10�5 molL�1 Na4Fe(CN)6 and
0.05 molL�1 NaCl, scanning rate is 0.1 Vs�1. c) SEM images of the
microcrystal array. d) Top view of a typical microcrystal, and e) side
view of the microcrystal in (d).
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increases with the increasing Na4Fe(CN)6 concentration.
Third, the ratio of Fe(CN)6

4� over Fe(CN)6
3� can be adjusted

through the applied potential of the substrate. The mixed-
valent iron is crucial for electron transfer process in the solid-
state solution.[6,7, 14] Furthermore, the size of microcrystal can
be controlled and optimized by proper choice of parameters,
including the orifice size of the microcapillary and the
hydrophobic properties of the substrate and the tip of the
microcapillary, electrochemical modulation, and temperature.

The results of electron energy dispersive spectroscopy
(EDS) indicate that the main component of the microcrystal
is NaCl (Supporting Information, S2). To identify the iron
hexacyanide components in the microcrystals, confocal
Raman spectroscopy with a 633 nm laser excitation is
adopted. Figure 2 a shows the confocal Raman spectrum of
a typical single microcrystal. By comparing with Raman
spectra of pure Prussian blue, Na4Fe(CN)6, and Na3Fe(CN)6

crystals (Figure 2b–d), the bands in the region from 2000–
2200 cm�1 of Figure 2a are assigned to the CN stretching,
confirming that both Fe(CN)6

3� and Fe(CN)6
4� are present

within the NaCl microcrystals. The Raman spectrum of Fe–C
bands near 300 cm�1 and 530 cm�1 are characteristic of
Prussian blue (PB), as reported previously.[15]

It was reported that the linear distance across the N�C�
Fe�C�N group is about 9.12 � for a ferricyanide complex and
9.32 � for a ferrocyanide complex, the lattice parameter of
PB is known to be 10.2 �, whereas the distance across the Cl�
Na�Cl group is 9.2 � in NaCl crystals.[11,14] The size differ-
ences are within 15% in reference to the lattice size of NaCl
crystal, which meets the requirement for the formation of a
substitutional solid solution.[16] In other words, their size
agreement would allow NaCl6

5� to be replaced by Fe(CN)6
4�,

Fe(CN)6
3�, or PB units in NaCl crystals. In the cases of

Fe(CN)6
3�/Fe(CN)6

4� substitutions, Fe3+ or Fe2+ would occupy
Na+ site and six CN� replace six neighboring Cl� sites. Since
Fe3+ and Fe2+ have a higher valence than Na+, to achieve
electrical neutrality, two positive cation vacancies are left for

Fe(CN)6
3� as well as one for Fe(CN)6

4�. Furthermore, the
zeolitic nature of PB with channel diameters of 3.2 � allows
the diffusion of hydrated ions and low-molecular-weight
molecules.[17, 18] The crystal defects (vacancies and intersti-
tials) make the counterion transfer possible in solid-state
solution when the iron hexacyanides are oxidized or reduced,
which is well elucidated in solid-state electrochemistry of PB
and its analogues.[6, 7,14, 17–19]

Iron hexacyanides are well-known redox couples in
aqueous solutions. Its behavior in the NaCl microcrystal is
characterized by cyclic voltammetry, which is performed by
fixing a microcapillary containing only 0.05 mol L�1 NaCl
aqueous solution onto an as prepared NaCl microcrystal.
Figure S3 (Supporting Information) shows typical voltam-
metric behavior of one single microcrystal. The voltammetric
responses are stable and symmetric. The peak currents are in
positive proportional to scan rates. The ratios of peak currents
as well as charges associated with the anodic and cathodic
processes are almost equal, and the peak-to-peak potential
difference is less than 30 mV, which does not change with the
scan rate. These features of the voltammogram show the
characteristics of a reversible electrode reaction of surface
immobilized redox species.[19]

The advantage of the solid-state redox microcrystal is its
potential application to construct all solid-state electrochem-
ical microdevices. To demonstrate the possibility of this kind
of application, we fabricated the microcrystal in a micro-
meter-sized gap of gold ultramicrometer-scale electrode pairs
on a microchip. A microcapillary with 4.6 mm-diameter orifice
and containing an aqueous solution of 0.05 mol/L NaCl and
1.0 � 10�3 molL�1 Na4Fe(CN)6, is positioned over the gap. The
two gold microelectrodes, both as working electrodes, are
subjected to a few potential scanning cycles from 0 to 0.5 V at
a scan rate of 0.1 Vs�1. A microcrystal is thus fabricated,
which is about 3 mm by 2 mm in size from top view and covers
the gap between the two gold ultramicroelectrodes (Fig-
ure 3a). After drying in vacuum overnight, solid-state vol-
tammetry is performed to examine the conductivity of the
microcrystal and thus demonstrate its potential application in
microdevices.

To do so, one of the gold microelectrodes is used as
working electrode, while the other is used as both reference
and counter electrodes. Well-defined voltammograms were
obtained in a laboratory-made vacuum drier inside which
freshly dried silica gel is placed on the bottom. The peak
current is in positive proportional to the scan rate as shown in
Figure 3b,c. It should be emphasized that the microcrystal is
not exposed to any liquid, and the humidity inside the vacuum
dry box is almost zero. The Faradic current must be due to the
redox processes of iron hexacyanide substitutes in the lattice
of solid NaCl microcrystals; that is, the solid-state redox
solution. As discussed above, the electrons and the counter-
ions hop along the solid-state crystal lattices oppositely to
fulfill their transport.[6, 7] Suppose the rate determining step is
the hopping of electrons or counterions in a thin-layer of the
solid-state solution, and analogous to the thin-layer behavior
in liquid solution, the apparent concentration of iron hex-
acyanides can be estimated as 1.44 � 10�3 mol cm�3 from
Equation (1):[20]

Figure 2. A confocal Raman spectra of microcrystals: a) synthesized
through scanning microcapillary technique with a solution of
1.0 � 10�3 molL�1 Na4Fe(CN)6 and 0.05 molL�1 NaCl, b) Prussian blue,
c) Na3Fe(CN)6, and d) Na4Fe(CN)6 crystals synthesized by a hydro-
thermal method.
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ip ¼
n2F2nVC

4RT
ð1Þ

where, ip is the peak current, n the electron transfer number, F
Faraday constant, V the volume of the microcrystal, v the
scanning rate, C the apparent concentration of iron hexacya-
nides in the solid-state redox solution. If CO is equal to CR, the
apparent electron transfer rate can be obtained as 1.6 �
10�4 cms�1 through the electron transfer resistance value
(58 MW) read-out from electrochemical impedance spectros-
copy (EIS) as shown in Figure 3d.

In situ electrochemical modulated confocal Raman
experiments were performed again to monitor the ratio of
FeIII/FeII complexes at the gold electrode/solid-state solution
interface. Figure 4 shows the steady-state Raman spectra of
the microcrystal polarized at different potentials. The Raman
band at 2070 cm�1 and 2100 cm�1 are ascribed to the CN
stretch in the FeII complex, and the band at 2125 cm�1 to those
in the FeIII complex. The intensity ratio of FeIII/FeII are 0.14,
0.35, and 0.80 at 0.1, 0.3, and 0.5 V, respectively. The band of
the CN stretch in the FeIII complex becomes relatively
stronger at the positive applied potential. The change of
Raman intensity with the applied potential indicates its
potential application into scintillators or electrocolorimeter.

In conclusion, we have presented a microfabrication
technique based on scanning electrochemical microcapillary
to synthesize microcrystals of solid-state redox solution,
investigated the solid-state electrochemistry of the single
microcrystals and their in-situ confocal Raman properties,
and demonstrated its potential application as solid-state
electrolyte valuable in the construction of electrochemical
microdevices. Owing to the similar lattice structures, the
transition metal cyanide complexes (such as Fe, Co, Ni, Rh, Ir,

Pt, Pt) can also form solid-state redox solution in NaCl, KCl,
or AgCl crystals.[11–14, 21–28] As another example, the solid-state
solution of Co(CN)6

3� in a NaCl microcrystal fabricated
through this technique is shown in the Supporting Informa-
tion, S4. These kinds of solid-state solution usually preserve
some specific properties, such as electric conductivity and
luminescent and electrochemical properties, which are not
found in their aqueous solutions. The work presented herein
is expected to promote practical application of electrochem-
ical microsystem into all solid-state microdevices.

Experimental Section
All the chemicals used are analytical grade or better. All aqueous
solutions are prepared with deionized water (18.2 MW, Milli-Q,
Millipore Co.). The microcapillaries are prepared by the laser puller
PS-2000 (Sutter Co.). The glass cover slides are coated with a thin film
of gold by magnetron sputter deposition. The ITO glass cover slides
are commercial available. Before each experiment, the slides are
cleaned with acetone and deionized water several times and dried
with pure nitrogen gas. All the electrochemical experiments are
performed by the SECM workstation CHI920c (CHI Instrument Co.)
combined with a video monitor. Electrochemical impedance spec-
troscopy (EIS) was carried out with a Parstat 2273 (Advanced
Measurement Technolgy, Inc.). SEM, Raman, and AFM experiments
were performed with HITACHI S-4800 Scanning Electron Micro-
scope (Hitachi High-Technologies, Co.), Renishaw inVia Raman
microscope (Renishaw Plc.), and Agilent 5500 AFM (Aglient
Technologies, Co.), respectively. The more details of the experiment
setup can be found in the Supporting Information, sections S5 and S6.
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Figure 3. a) An optical image of the sample microdevice, where the
microcrystal is fabricated through scanning microcapillary technique
with an solution of 1.0� 10�3 molL�1 Na4Fe(CN)6 and 0.05 molL�1

NaCl. The gap between the two gold ultramicroelectrodes is about
1.5 mm. b) All-solid-state cyclic voltammetric behavior of the redox
microcrystal without exposure to any liquid environment; scan rates
are 0.03, 0.05, 0.08, 0.1, 0.2, 0.3, 0.4, and 0.5 Vs�1. c) The linear
relationship between the peak currents and the scanning rates.
(d) Solid-state electrochemical impedance spectroscopy of the redox
microcrystal. The impedance spectrum was recorded within a fre-
quency range of 0.1 Hz–100 KHz at the potential of 0.2 V. The
amplitude of the alternating voltage was 10 mV.

Figure 4. In-situ electrochemical modulated confocal Raman spectra of
the same microcrystal constructed in the all solid-state microchip at
different polarization potential: (a) 0.1 V, (b) 0.3 V, and (c) 0.5 V.
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