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The iron complex hexacyanoferrate (Fe,[Fe(CN)y];), known as Prussian Blue (PB), was
electrodeposited over a free-standing carbon nanotube (CNT) film assembled at the interface
between two immiscible liquids, water and 1,2-dichlorobenzene. Polarization of the interface
achieved through a fixed potential or under potential variation enabled iron present inside CNTs
to generate a stable CNT/PB composite. We report herein on the observation that the deposition
of PB is dependent on both the pH and applied potential. It was found that aqueous phases
containing K;[Fe(CN),] can decompose under an applied potential, while those containing
K,[Fe(CN),] presented more stable behavior making it a suitable precursor for PB synthesis. The
electrodeposition and modification of the interface was followed by in situ spectroelectrochemical
Raman spectroscopy, which indicated that an increase in signal due to PB formation was acompanied
by changes in the CNT bands due to modification of the CNT walls by decoration with PB, forming

a composite structure.
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Introduction

Biphasic liquid/liquid (L/L) systems have been used for
a long time, either for the study of interfacial electron and
ion transfer reactions or for the synthesis and assembly of
micro and nano-sized materials.'? The interface between
two immiscible liquids provides a defect-free environment
suitable for controlled homogeneous particle deposition.
Driven by the decrease in the L/L interfacial free energy,
particles dispersed or synthesized in a biphasic system
spontaneously migrate to the interface formed by the two
liquids.** Due to the ease of formation and robust nature
of L/L interfaces, they have been utilized in a wide range
of different applications. The L/L system can be used
simply as a means to assemble previously synthesized
materials into organized arrays or thin films, such as carbon
nanostructures or metal nanoparticles.®’ Alternatively,
materials can be both synthesized and assembled by using
the L/L interface as the region of contact between reactants
located in the different phases.®'® As an alternative to
spontaneous reactions occurring at the point of contact
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between the two phases, material deposition can also
occur by electrochemical polarization of the interface.'"?
In addition to standard synthetic parameters such as
concentration, time or pH, the applied potential and
polarization of the interface between the two immiscible
electrolyte solutions (ITIES) governs the rate of ion and
electron transfer between the phases, allowing significant
control over synthetic procedures.'>'*!* By combining
these different approaches to utilize the L/L interface,
composite structures can be prepared using one material
as the support and/or nucleation site for the other.'>!®
Previously, it has been observed that particle or polymer
formation was possible, under stirring, on the surface
of carbon nanostructures present in a L/L system.'”!8
However, greater control can be achieved if the material
is initially assembled and supported at the L/L interface,
prior to the synthesis of the second component through
either spontaneous or polarization driven reactions. This
method allows thickness control and even asymmetric
functionalization of the adsorbed films.'*

Thin films of composite materials with carbon
nanostructures such as carbon nanotubes (CNTs) have a
wide range of applications, especially regarding energy
storage/conversion devices and optoelectronics.?!??
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Nevertheless, composite processing and deposition as thin
films has still to be fully resolved as control over thickness,
conductivity and transparency have not yet been completely
developed. In many cases, CNT composites are produced
by modification of CNT electrodes with electrochemically
active species, which is the case for Prussian Blue
(PB) based composites. PB has the general formula
Fe',[Fe"(CN),];.xH,O and is part of the class of compounds
known as hexacyanometallates (HCM).?** With a porous
face-centered cubic structure and electrochemically active
metal centers, PB and most of the HCMs have as many
potential fields of application as CNTs. In fact, CNT/HCM
composites have been applied in sensors, membranes,
electrochromic devices, batteries and catalysts, among
others.?*® HCMs, however, usually present low chemical
and electrochemical stability, which can be improved by
CNTs in CNT/HCM composites.*' The better the interaction
between the materials, the higher their stability.**** Some
of the authors of the present work have been developing
a different approach to synthesize CNT/PB composites
through a heterogeneous reaction between K;[Fe(CN)]
in aqueous solution and solid iron species present inside
CNT cavities.** Through this route, nanocubes of PB are
formed directly over the CNTs, decorating their walls, and
presenting high electrochemical stability. This was also
shown to be true for other CNT/HCM composites obtained
by this method.*>" The electrodeposition of PB (or other
HCMs) over CNTs requires the electrodes to be, at least to
some extent, conductive. This condition restricts the type of
substrates over which the CNT electrodes may be prepared
and therefore their application and/or device configurations.
The use of an ITIES to perform PB electrodeposition over
CNTs assembled at the L/L interface would allow for the
formation of a complete composite, free from any substrate,
expanding the possible applications of this material. In
this work, we report on the electrochemical deposition of
PB over an iron-filled CNT thin film, assembled at a L/L
interface. The reaction is driven by positive polarization
of the aqueous phase solution. Although PB was already
observed during L/L electron transfer studies with
hexacyanoferrate, no controlled electrodeposition of PB or
PB composites have been described thus far.40

Experimental
Chemicals

The following chemicals and solvents were purchased
for this work and used without further purification:

potassium ferricyanide (Sigma-Aldrich, > 99%), potassium
ferrocyanide (Sigma-Aldrich, > 98.5%) lithium chloride
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(Sigma-Aldrich, > 99%), bis (triphenylphosphoranylidene)
ammonium chloride (BTPPACI, Sigma-Aldrich, > 98%),
sodium tetrakis(4-fluorophenyl)borate dihydrate (NaTFPB,
Alfa Aesar, > 97%), toluene (Sigma-Aldrich, > 99%),
1,2-dichlorobenzene (DCB, Aldrich, >99%), trifluoracetic acid
(TFA, Vetec, > 98%), sulfuric acid (Sigma-Aldrich, > 98%),
nitric acid (Sigma-Aldrich, > 35%) and hydrochloric acid
(Sigma-Aldrich, > 99%). Bis(triphenylphosphoranylidene)
ammonium tetrakis(4-fluorophenyl)borate (BTPPATFPB) was
synthesized by the mixture and recrystallization of BTPPACI
and NaTFPB as described elsewhere.**** All aqueous
solutions were prepared with ultrapure water (Milli-Q,
18.2 MQ cm resistivity).

Carbon nanotube film preparation

Iron-filled multi-walled (MW) CNTs were synthesized
according to previous reports.* In summary, 0.7 g of
ferrocene were positioned in a quartz tube placed inside a
two-region tubular furnace. The first region was heated up to
300 °C and the sublimed ferrocene was carried by an argon
flow to the second region held at 900 °C, where CNT growth
takes place. Before use, 20.0 mg of the as-prepared CNTs
were treated with 5 mL of trifluoroacetic acid in 50 mL of
toluene and placed in an ultrasonic bath for 2 h, to remove
impurities. After treatment, the CNT dispersions were
centrifuged (3500 rpm, four times, each time for 10 min),
the isolated solid was washed and dried at 80 °C. The film
was prepared through L/L interfacial assembly as reported
elsewhere.!” A mass of 0.30 mg of the CNTs were dispersed
in 20 mL of toluene using a probe ultrasound (Cole-Palmer)
for 10 min at 40% amplitude with pulses of 50 s/10 s (on/
off). The dispersion was then stirred with 20 mL of ultrapure
water in a 50 mL round bottom flask for at least 2 h. Once
stirring was stopped, a continuous CNT film was observed at
the L/L interface. In order to use the film in the four electrode
cell for interfacial electrodeposition, the organic phase was
exchanged for DCB. Toluene was completely removed from
the system with a pipette, forming a water/air interface.
Subsequently, 20 mL of DCB was added forming a new L/L
interface with the CNT film assembled between the aqueous
and organic electrolyte solutions. For control experiments,
hollow (non Fe-filled) CNTs were obtained by arc discharge.
The procedures for film preparation and transfer to a L/L
interface were the same as described for Fe-filled CNTs.

Electrochemical measurements
A four-electrode setup was applied using a homemade

three-arm glass cell with Luggin capillaries to connect
the bulk solution to the reference electrodes. The cell
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Scheme 1. Setup of the liquid-liquid electrochemical cell.

volume was approximately 4 mL. Homemade Ag/AgCl
reference electrodes and Pt mesh counter electrodes were
used for both organic and aqueous phases. The general
composition of the cell is given in Scheme 1. Unless stated
otherwise, BTPPATFPB (10 mmol L!) in DCB was used
as the organic electrolyte solution. A reference interface
was created for the organic phase by placing an aqueous
solution of 1 mmol L' BTPPACI and 10 mmol L' LiCl
on top of the organic phase within the arm of the organic
Luggin capillary. A 0.1 mol L' LiCl solution was used as
a standard aqueous supporting electrolyte with different
media depending on the study. Acidic solutions were
prepared with HNO;:H,SO, (1:1) at different pH values. For
PB deposition, 1 mmol L' K;[Fe(CN),] or K,[Fe(CN),] was
included in the aqueous phase. The setup was prepared so
that the aqueous/organic interface was positioned between
the two Luggin capillaries. For the measurements with
CNTs, the previously prepared film (see section above) was
placed at the interface with a pipette (Figure 1).

CE,,
REmg
aqueous CE,,
phase
aqueous ‘ ' :
phase (2) /,, -
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reference 4
interface .
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=

working interface
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Figure 1. Four-electrode electrochemical cell used in the experiments.
Equipment

Standard electrochemical measurements were
performed with an Autolab PGSTAT100 (Metrohm),
while the electrochemistry performed during in sifzu Raman
spectroelectrochemical measurements was conducted on an
EmStat3 (PalmSens). Raman spectra were acquired using
a Renishaw inVia Raman microscope (RE04) with a um-
scale resolution stage-controlled sample holder, coupled
with a 633 nm (1.96 eV) laser operating at 32 mW power
using a 20x objective. Scanning electron microscopy
(SEM) images were obtained with a Quanta 650 FEG

10 mM BTPPAFTPB (org)
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microscope (ThermoFisher Scientific) at an accelerating
voltage of 15 kV.

Results and Discussion

As covered in the Introduction section, the synthetic
method utilized in this work is dependent on the iron
species present within the CNT cavities. In order to form
PB, the metal species must first be extracted from the CNTs
so that they can react with the other precursor, potassium
hexacyanoferrate, in the aqueous solution, as follows:

K* + Fe** + [Fe(CN)(]* = KFe[Fe(CN),] (D

In the absence of the iron species, PB cannot be
synthesized.***” In a conventional three-electrode system,
either an electrochemical overpotential or acidic media
can promote the extraction of the iron species from the
CNTs. Previously, CNT films were modified with PB at
pH 7 through cyclic voltammetry over a range between
-0.3 and 1.4 V. At lower pHs, a narrower window can be
applied, although the amount of material formed is directly
dependent on both anodic and cathodic potentials, as well
as the solution pH. As an example of this behavior, cyclic
voltammograms of CNT films deposited over indium tin
oxide (ITO) substrates were acquired using different pHs
and potential scan ranges (Supplementary Information (SI),
Figure S1). The appearance and growth of the redox
process associated with the transition between PB and its
oxidized form, Berlin Green (BG), at A@,, ca. 0.74 Vis a
characteristic sign of PB electrodeposition over the film.
The cyclic voltammograms given in Figure S1 show the
effect of the experimental conditions on the formation
of the material. If an insufficiently oxidizing potential is
applied to the system at a given pH, the iron species from
the CNTs do not leave the cavities thus no PB is produced.
In the same way, lowering the pH increases the amount
of material formed under a given potential range. It is
worth noting that oxidative potentials promote the exit
of metal species by oxidation, having a stronger effect on
the synthesis. However, if the reductive potential applied
is not sufficiently high the PB formation is also severely
compromised.

In the 4-electrode system, the potential window is
limited by the transfer of supporting electrolyte ions across
the interface. A wider potential window can be achieved
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can decompose and polymerize under mild sonication
conditions, CNTs could not be directly assembled at the cell
interface by the ultrasound-induced adsorption typically
applied for ITIES studies.*** For this reason, the films of
CNTs were previously prepared by the interfacial method
in toluene and then the organic phase was exchanged to
DCB prior to the cell set up (see Experimental section).®’

The potential window of the system was evaluated
before studies of electrodeposition were undertaken. As
a convention for ITIES, the polarization of the interface
is defined with respect to the aqueous phase. This means
that positive polarization indicates that the aqueous phase
is more positive than the organic one, and the contrary
holds for negative polarization. If the potentials extend
sufficiently towards the negative and positive directions,
transfer of the electrolyte ions starts to occur, as observed in
Figure S2 (SI section) by the increase of the current at both
limiting potentials. At positive polarization, the process
refers to the transfer of Li* ions from the aqueous phase or
TFPB- from the organic phase to their respective opposing
phases. At negative polarization, the transfer takes place
with CI" and BTPPA* from the aqueous and organic phases,
respectively.'>° The presence of the CNTs at the interface
increases the current in the voltammetry, as observed in
Figure 2. This increase in current could be related to the
presence of the Fe species within the CNTs, as no such
increase in background current was observed in a previous
study with CNTs (single-walled type) adsorbed at the L/L
interface.’' It is well known that particle confinement in
CNTs can result in an enhanced catalytic performance
and increased capacitive currents.’>** Catalysis towards
hydrogen reduction was also observed for CNTs assembled
at a L/L interface containing metal impurities.>* Since the
SWCNT adsorbed at the ITIES in the work of Toth ez al.”!
did not contain such particles, it seems reasonable to assume
the metallic species are responsible for the changes in the
electrochemical profile. A broadening of the electrolyte ion
transfer limiting the potential window is also seen in the
presence of CNTs, indicating that their presence inhibits
this process at the interface.

Figure 2. Cyclic voltammograms of the water/DCB interface in the
presence and absence of CNTs assembled at the inteface. Aqueous
phase contains LiCl (0.1 mol L'). Scan rate 15 mV s'. The interfacial
capacitance is shown on the right-hand axis, although the values are
only relevant for the central part of the voltammogram where minimal
Faradaic currents flow.

For PB electrodeposition at the L/L interface,
1.0 mmol L' K,[Fe(CN),] was added to the aqueous
phase. Due to the narrower useful potential window when
compared with the 3-electrode system, lower pHs were
tested for the modification of CNTs.**" Figure 3a presents
the voltammograms obtained at pH 4. It is possible to
observe the evolution of several redox peaks which are seen
to increase in current on repeat cycling. A reversible process
occurs at AQ,, ca. 0.65 V (identified as I in Figure 3b), and
at 0.93 and 0.15 V (identified as II and III in Figure 3b,
respectively), two different signals appear at positive and
negative polarization, respectively. Without CNTs, the
voltammetric profile remains essentially the same during
cycling, indicating that these signals arise from the presence
of CNTs (Figure S3a, SI section).

To evaluate the effect of the K;[Fe(CN),] on this
behavior, the same experiment was performed without
this species present, i.e., using a “blank” aqueous solution
(0.1 mol L LiCl). With slight shifts of the redox signals,
the voltammetric profile remains the same when CNTs
undergo several cycles in acidic media (Figure 3b). In this
case, the observed signals must arise from CNTs assembled
at the interface since the bare interface does not show the
same profile during the cycles (Figure 3c). The profile was
initially assigned to the release or oxidation of the iron
species from the CNTs. However, further investigations
with hollow CNTs (no metal species) presented the same
profile (Figures S3c and S3d, SI section). As will be
discussed later, no spectroscopic changes are observed
in the CNT bands in the absence of PB formation and
while cycling in 0.1 mol L' LiCl aqueous solution.
Consequently, if the redox profile observed here relates
to the oxidation or any possible functionalization of the
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Figure 3. Cyclic voltammograms of the water/DCB interface with
assembled CNTs. Aqueous phase (a) 0.1 mol L' LiCl and 1 mmol L
K,[Fe(CN),] at pH 4, scan rate 50 mV s'; (b and ¢) 0.1 mol L' LiCl
pH 4, scan rate 15 mV s’'; (c) 50" cycle in the presence and absence of
CNTs at the interface.

CNTs, due to the electrochemical potential, it occurs to
a very low extent. At negative polarization, CNTs tend
to de-aggregate, increasing their total surface area, which
could increase the current of processes such as NO;~ (from
HNO,) transfer from the aqueous to the organic phase.
Yet, the other observed processes would not relate to this
effect. Voltammetric responses similar to peaks II and III
due to lithium intercalation in CNTs, which could occur
due to Li* transfer from aqueous to organic phases at
positive polarizations,*® have been described, however,
the experiments conducted in this work cannot confirm
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this effect. Future work will be necessary to elucidate this
electrochemical behavior.

The potential window accessible at the water/DCB
interface did not permit electrodeposition of PB. Over
these applied potentials, pH 4 is not sufficiently acidic
to extract the iron species from the CNTs in order to
synthesize the composite. At lower pHs (2 and 3),
PB was formed both in the presence and absence of
CNTs, characterized by the appearance of a blue color
at the interface. This occurs because K;[Fe(CN),] can
decompose in strongly acid media.’’%° In addition,
polarization of the interface promotes proton transfer
from the aqueous to the organic phase, accelerating
K;[Fe(CN),] decomposition, resulting in the deposition
of PB on the surface of the CNTs.

From previous works, it is well established that the
composite produced by the reaction between species in
aqueous solution and metal species from CNT cavities have
better electrochemical stability and enhanced performance
in several applications, compared to the usual composite
synthesis.’>37 This occurs precisely because one of the
reactants necessary for PB synthesis comes from inside
the CNTs, driving PB deposition on the CNT walls
and optimizing the interaction between the composite
components. Therefore, chemical synthesis of PB from
K;[Fe(CN)q] decomposition is likely to present poor
stability and adhesion over the CNT film. In fact, when the
aqueous phase is washed and exchanged with pure LiCl
electrolyte solution, the blue color disappears from the
interface, as it diffuses through the aqueous phase.

In contrast to K;[Fe(CN)¢], K,[Fe(CN),] is much
more stable in acidic media, especially if combined with
supporting electrolyte counterions.®®? Even though it can
decompose under high exposure to UV light, if in high
concentration, the timescale of decomposition is far longer
than the electrodeposition of PB, especially in the mmol L
range used in these experiments.® Yet, its decomposition
does not generate free iron species, which are responsible
for PB formation in the case of K;[Fe(CN),]. With this
consideration, the same experiments were performed using
1 mmol L' K,[Fe(CN),] and 0.1 mol L' LiCl as aqueous
electrolyte (Figure 4).

A similar voltammetric profile was observed to those
in Figure 3, since the discussed signals arise from the
presence of CNTs. Although no significant change is
observed in the voltammetric profile during the cycles, PB
was deposited, to different degrees, in all the acidic media
in the presence of CNTs, characterized by a clear blue color
at the interface, while no PB formation was noted in the
absence of CNTs. Consequently, it can be concluded that
under these conditions, iron species from CNTs became
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Figure 4. Fiftieth cyclic voltammetric scan of the water/DCB interface
without (blue) and with (black, red) CNTs assembled at the interface
using different aqueous phases specified in the figure.

available while no decomposition of K,[Fe(CN)] occurs,
creating an ideal system for composite preparation.

In situ spectroelectrochemical Raman measurements
were performed in order to generate a better understanding
of, and further characterize, the composite formation at
the L/L interface. PB has a broad absorption band with a
maximum at around 680 nm, presenting a resonance Raman
effect when irradiated under a 633 nm laser.3>**%* Therefore,
this wavelength was chosen for the experiments to facilitate
the observation of PB bands during its formation. The same
electrochemical cell was used for these experiments, and an
L-shaped adapter was used with the microscope objective
so that the incident laser was parallel to the plane of the
L/L interface.

Prior to electrochemical deposition, the spectral
response was studied normal to the interface by adjusting
the cell height with respect to the laser spot (Figure 5).
In a bare interface, formed only of organic and aqueous
electrolytes, the z-depth profile shows bands corresponding
to the DCB modes at 1275, 1379, 1457 and 1573 cm™'. As
the laser tracks up through the interface, these bands are
seen to decrease rapidly and then disappear once the laser
reaches the aqueous phase, where no signal is present.
When K,[Fe(CN),] is present in the aqueous phase, a small
signal at 2132 cm™ is observed within the meniscus of
the L/L interface. However, with CNTs assembled at the
interface, the profile changes significantly. In the studied
range, three MWCNT bands can be observed (Figure 5a):
the band at 1577 cm™ (G band) corresponds to a typical
graphite mode that arises from sp? vibrations from the
hexagonal arrangement of carbon atoms; the so-called
D band, at 1333 cm’, is a prohibited band that becomes
active due to the loss of symmetry in this network, which
is usually related to defects such as sp? hybridized carbon
atoms or incomplete bonding. Similarly, the shoulder
at 1611 cm™ (D’ band) is associated with defects at the
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edge, or changes in the external wall, of multi-walled type
CNTs.%7 Concomitantly with the CNT signals, another
set of bands are observed between 2000 and 2200 cm™.
These signals correspond to C=N stretching modes from
the [Fe(CN),]* ions present in the aqueous phase. From
higher to lower frequencies, they are assigned to A, E,, F,
and F,, modes from O, symmetry.®** The bands are only
observed at the L/L interface, in the presence of CNTs:
when the CNT signal falls away, so do those due to the
[Fe(CN)4]*. Therefore, CNTs are enhancing C=N modes
that are normally observed only in saturated solutions,
while the studied system is within the mmol L' range and
far from saturation. The enhancement could arise from
adsorption of the aqueous [Fe(CN)4]* ions on the surface
of CNTs at the L/L interface, which could also decrease the
hydration sphere of the complex.”’! In fact, a splitting of
the E, mode of anhydrous K,[Fe(CN);] occurs, compared
to the hydrated complex, that correlates with the C=N band
profile observed in Figure 5.8

(A)

(b) 3 Rzmgan smfél cm"s

Intensity

> 5‘}\\
Romgy & et
anshlfr/c§ §
-1 ~

Figure 5. Depth profile from Raman spectra obtained at different height
positions through the cell in the presence (A) and absence (B) of CNTs
at the L/L interface. (a) 3D view and (b) projection of the area indicated.
Aqueous phase contains LiCl (0.1 mol L) and K,[Fe(CN),] (1 mmol L"),
pH 4.

To evaluate PB formation over the CNT film, the laser
was focused directly onto the L/L interface where the
above-mentioned signals are present. The position of the
L/L interface can move under polarization as this alters the
interfacial tension, and hence the curvature, of the meniscus.
For that reason, it was not viable to monitor PB deposition
through cyclic voltammetry, as the variation in the applied
potentials results in a loss of the Raman signal from the
interface when the laser spot is kept at a fixed position. At a
fixed polarization potential, however, the interface position
and curvature are quite stable and hence easier to monitor.
For that reason, in situ spectroelectrochemical Raman
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measurements were performed with chronoamperometry
at 1.1 V.

Figure 6 shows Raman spectra acquired during
chronoamperometric measurements. In the 3D projection
of the data (Figure 6a), it is possible to observe that the
signal from the C=N vibrational modes increase with time,
as well as the D band intensity. In a closer examination of
the projection data, a significant shift to higher frequencies
occurs for C=N modes under the applied potential
(Figure 6b and Figure S5, SI section). While present in an
ionic species such as [Fe(CN)]*, lower energy free CN-
modes are observed, whereas when the second metallic
center coordinates to the ion via the nitrogen atom of the
CN ligands to produce PB, a rigid structure is formed,
shifting CN modes to higher frequencies.**%% The degree
of defects and incomplete bonding also dictate the band
positions. Therefore, the more ferric ions coordinate to N
to form an organized cubic structure, the more CN modes
shift.”>” Interaction between CNTs and as-synthesized PB
occurs mainly through p-doping of CNTs, which transfer
electron density to the metal species of the complex through
a T-T interaction.”®”” As a result of the increased density,
the 7 back-bonding from cyano-ligands to the CNTs is
enhanced, in turn improving the interaction between the
materials. The decrease in electron density of CN due to
7 back-bonding also shifts the C=N stretching modes to
higher frequencies.??3364

The modification of the interface with PB can also
be observed by spectroscopic changes to the CNTs. As
discussed above, the D band correlates with the loss of
symmetry in the graphitic sp? network, due to the presence
of defects. To evaluate the extent of these defects, the
intensity ratio between the D band and G band, known
as Ip/lg, is calculated.’*** During the electrodeposition
experiment, I/l goes from 0.40 at t = 0.0 s to 0.57 after
2100 s, when applying 1.1 V. The significant increase of

Intensity / a.4.

8
8

Electrodeposition of Prussian Blue/Carbon Nanotube Composites at a Liquid-Liquid Interface

2 B
Raman shift / cm™

J. Braz. Chem. Soc.

the D band intensity clearly indicates that the CNT walls
are being modified by the deposition of PB. In the same
way, PB formation and 1 back-bonding interactions with
the CNTs leads to an increase in “holes” on the CNTs, due
to p-doping, shifting the G band to higher frequencies.***"
In addition, a blue shift of 4 cm! is also observed for the
G band during the experiment. When the polarization
is applied in the absence of aqueous phase K,[Fe(CN)]
(Figure 6d), no spectroscopic changes are observed for the
CNTs, confirming that the rest of the spectral data discussed
here arise from PB deposition.

As mentioned before, PB formation, especially at
lower pHs, is characterized by a blue coloration of the
L/L interface. Figure S6 (SI section) shows images after
PB deposition, obtained with an optical microscope
coupled to the Raman spectrometer. It is possible to
observe that PB is preferentially formed at the aqueous
side of the interface, where a blue coloration gradually
disappears within the bulk phase, while a defined blue/
yellowish interface is observed at the surface of the
DCB phase. After the deposition, the aqueous phase is
washed and exchanged for a LiCl (0.1 mol L") solution,
and the depth profile of the cell was performed. In this
system, it is still possible to observe PB C=N modes at the
same z-height as the modes corresponding to the CNTs,
confirming composite formation and indicating that PB
is well adhered to the CNT walls (Figure S7, SI section).
As a confirmation of the electrodeposition of PB, both
phases where washed to remove the electrolytes and the
film was then transfered to an ITO substrate to perform
SEM analysis (Figure 7). In these images, several small
cubes can be observed decorating the walls of the
CNTs. Although the quantity of PB produced by this
route is lower than previously observed on solid CNT
electrodes, these images confirm that indeed it is possible
to electrodeposit PB at the L/L interface.

tensity o o

00

g
8

Figure 6. Raman spectra acquired at the water/DCB interface with CNTs assembled at the interface during chronoamperometry at 1.1 V. Aqueous phase
LiClI (0.1 mol L") with (a, b and ¢) and without (d) K,[Fe(CN)] (1.0 mmol L', pH 4). (a) 3D data and projection of (b) CN and (c) CNTs modes; (d) 3D

data with projection on top.
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Figure 7. SEM images of the CNT/PB composite obtained at the L/L
interface.

To confirm that the PB deposited under applied
potential is synthesized from the reaction between the
iron species from the CNTs and the K,[Fe(CN),] aqueous
solution, the same experiments were performed with
empty (metal-free) CNTs obtained by arc discharge.
Similar to the iron-filled CNT experiments, the hollow
CNTs also enhance C=N modes from [Fe(CN)(]* in
solution (Figures S8a and S8b, SI section). However,
when chronoamperometry at 1.1 V is performed, no
spectral changes were observed over time, where spectra
recorded before and after interfacial polarization remain
essentialy the same (Figures S8c and S8d, SI section).
These data therefore confirm that the iron species are

(@)

1v

ov
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=3 (=3 (=3 (<]
< © =] N
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necessary to electrodeposit PB at the interface under such
conditions.

To evaluate the stability and electrochemical performance
of the composite, Raman spectroelectrochemical
measurements were performed at the L/L interface
containing the composite film and only LiCl as supporting
electrolyte in the aqueous phase (Figure 8). Raman
spectra of the unpolarized interface were acquired prior to
experiments, where CNT and PB signals can be observed.
The interface was then polarized at 0.0 and 1.0 V. At lower
potentials, a decrease of the PB signals occur due to the
loss of Fe™-CN stretching mode, while at higher potentials
the signals are intensified. This behavior is assigned to the
presence of both Fe"-CN and Fe"-CN modes together
with an intensification of the resonance effect observed
for PB but not for its reduced form, that is colorless.?”
This study demonstrates that the produced composite is
electrochemically active, and PB species can be reduced
and reoxidized at the L/L interface.

Following deposition, the composite film can be readily
transferred to a target substrate, the nature of which may be
varied depending on the specific application. In addition,
the activity of the composite film at the L/L interface
itself opens up the possibility for novel and interesting
applications, such as mediated redox processes, selective
membranes or even heterogeneous catalysis and sensing
through biphasic systems.

Conclusions

Prussian Blue was successfully deposited at an
interface between an aqueous and organic solution using
iron-filled CNTs as a template and source of iron for
the composite structures. By varying the polarization
conditions, mainly by exchange of aqueous electrolyte

1.0V

m%_k____“_______,v_&_,oo Vv

JM___M______,_,A»A__ no pot.

1400 1600 1800 2000 2200
Raman shift/ cm™

Figure 8. (a) Projection and (b) selected spectra of Raman spectroelectrochemical study performed at a L/L interface containing CNT/PB composite films.
The interface was successively polarized at 0.0 and 1.0 V. For this system, the aqueous phase contained 0.1 mol L' LiCl at pH 7.
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species, PB was formed through the reaction between
aqueous species and metal provided by the CNTs. In
situ Raman measurements showed CNT doping during
PB deposition combined with metal complexation, this
was followed by monitoring Raman band shifts. The
CNT/PB composite formed at the L/L interface is stable
and electrochemically active, making it suitable for
applications following transfer to a desired substrate, but
also in situ at the L/L interface itself.

Supplementary Information

Supplementary information (CNT film voltammetry,
blank and hollow CNT electrochemical studies, hollow
CNT Raman data and optical images of the electrochemical
cell) is available free of charge at http://jbcs.sbq.org.br
as PDF file. Supporting data files are available from the
authors upon request.
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