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ABSTRACT: In this study, a magnetically separable three- Y
dimensional (3D) Co;[Co(CN)g],/Fe;0, nanocomposite
comprising magnetic nanoparticles (NPs) adsorbed on the
nanocubes of a cobalt Prussian blue analogue was prepared.
The nanocomposite exhibited enhanced electrochemical

performance in Co®"/Co®" conversion, while the super- zo'ﬁ
paramagnetic behavior of the magnetite NPs was preserved ]

even after adsorption on the nanocubes. Increased Faradaic 20 45 40 5 0
currents were observed in the cyclic voltammograms (CV) for H (kQe)
Co3[Co(CN)¢],/Fe;0, in comparison with the CV of

isolated Co;[Co(CN)¢],. This increase was attributed to

supramolecular charge transfer between the cobalt Prussian blue analogue and the magnetic NPs and the larger amount of
electroactive species on the electrode. Transmission electron microscopy images showed well-defined Co;[Co(CN)q],
nanocubes that had edge lengths of 21—140 nm and were decorated with spherical magnetite NPs less than 10 nm in
diameter. Interestingly, an intimate contact between the nanocubes and aggregate formation was avoided by Fe;O, NPs. The
composition, morphology, and surface properties of the nanohybrid material were assessed by UV—vis absorption spectroscopy,
FTIR spectroscopy, X-ray diffraction, scanning electron microscopy, and Brunauer—Emmett—Teller surface area. The analytical
results of nanocomposite showed main bands, crystalline phases, and structures associated with Fe;O, and Co;[Co(CN)g],.
The bifunctional properties of Co;[Co(CN)¢],/Fe;0, are potentially useful for building novel (bio)sensors and magnetic
devices for clinical applications.
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1. INTRODUCTION electrochemical energy storage.”' >’ PBAs can form homo-
and heteropolynuclear complexes with the general formula
A, [B(CN)],, where A and B are transition metal ions.’* PBAs
consisting of cobalt(II) hexacyanoferrate(III) (Co;[Fe-
(CN)¢],) nanocrystals homogeneously dispersed in polyaniline
(PANI) have been used as high-performance catalysts®"** for
oxygen reduction reaction (ORR). MnO,-FeO, nanocage
catalysts were synthesized via thermal decomposition of
Mn;[Fe(CN)4],-nH,O and used to investigate the size effects
of metal oxides in the low-temperature catalytic reduction of
NO, with NH;.>* In electrochemical energy storage, PBAs
have been utilized in electrodes for fabricating supercapacitors
and batteries owing to their 3D structure with open spaces that

Modified nanostructures that have been tailored for specific
applications have seen a lot of progress in recent years.' ™
These are typically supramolecular three-dimensional (3D)
structures, where synergy is reached between the components
interacting at the molecular level through covalent or reversible
noncovalent interactions.” They may be built with ferromag
netic materials, metallic nanogarticles,z8 quantum dots,”"°
biomolecules and polymers,'”'* and hybrid materials. Multi-
functionality of these hybrids can be exploited for applications
involvin% magnetic reslponse,B electrical,'* electrochemical,*
optical,l’ luminescent,'’ and cataly’cic18 pro;)erties, biological
compatibility,'” and drug-delivery ability.”® Prussian blue
analogues (PBAs) are relevant in this context, because they

can be easily synthesized”’™>* and exhibit various desirable Received: July 3, 2018
properties that have allowed their application in ion exchange Accepted: July 30, 2018
for removal of radioactive cesium (Cs), gas storage, and Published: July 30, 2018
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Figure 1. Schematic representation for the fabrication of Co;[Co(CN)¢],/Fe;0,.

can accommodate ions and neutral molecules of various sizes,
with fast charge and discharge in electrochemical cycling.*>**

Cobalt(IT) hexacyanocobaltate(III), Cos[Co(CN)g¢],, is a
typical mixed valence homopolynuclear compound with
metallic centers linked by cyanide bridges,”">> which can be
either hydrated or anhydrous. Its structure is not affected by
dehydration and there is only a visible change in color from
pink Co;[Co(CN)4],-nH,0 to blue Co;[Co(CN)4],.>"*°
Zhang and colleagues have investigated the fine-tuning
thermochromic properties of Co;[Co(CN)¢],'nH,0, in
which the change in coordination environment of Co*" ions
with citrate resulted in a color transition from pink to blue
upon heating.”” A similar effect attributable to alterations in
the coordination atmosphere of Co®* ions has been observed
for PBA-containing films.””

Hybrids made with PBA decorated with nanoparticles may
have enhanced properties, as demonstrated by the increased
catalytic activity in the coupling reactions of aryl chlorides
using Co;[Co(CN),], nanocrystals modified with palladium
nanoparticles (Pd NPs), Pd—Co;[Co(CN);],.** Following this
approach, the structure of Cos;[Co(CN)4], nanocubes was
modified by macrocyclic f-cyclodextrin (3-CD) using supra-
molecular self-assembly, which is a promising host—guest
system in the design of (bio)sensors.”” On the basis of these
results, one may envisage the use of magnetite nanoparticles
(Fe;0, NPs)*>*' as a building block to exploit their magnetic
response at room temperature.“_47 Indeed, a magnetic
adsorbent containing Fe;O, NPs and Prussian blue nano-
particles (PB NPs) has been shown to be highly efficient in the
removal of '¥Cs with rapid magnetic separation.”®

To the best of our knowledge, spectroscopic, structural, and
electrochemical studies of Co;[Co(CN)4], nanocubes deco-
rated with magnetite nanoparticles have not been reported to
date. In this work, the strategy of decorating cobalt Prussian
blue analogue nanocubes (Co-PBA NCs) with Fe;O, magnetic
nanoparticles is an attempt to combine the magnetic and
electrochemical properties of the two materials. The
morphology, magnetic properties, electrochemical perform-
ance, surface properties, and structural organization of the
hybrid were a combination of its constituents, as assessed by
ultraviolet—visible (UV—vis) and Fourier transform infrared
(FTIR) spectroscopy, X-ray diffraction (XRD), transmission
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electron microscopy (TEM), vibrating sample magnetometer
(VSM), cyclic voltammetry (CV), scanning electron micros-
copy (SEM), Brunauer—Emmett—Teller (BET) surface area
measurements, and X-ray photoelectron spectroscopy (XPS).

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Iron(III) chloride hexahydrate
(99%, FeCl;-6H,0) and iron(Il) chloride tetrahydrate (99%, FeCl,-
4H,0) were purchased from Sigma-Aldrich. Potassium
hexacyanocobaltate(III) (95%, K3[Co(CN)4]) and cobalt(II) acetate
tetrahydrate (98%, Co(CH;COO),-4H,0) were obtained from Acros
Organics. Sodium hydroxide (99%, NaOH) was acquired from Impex.
Acetone (99.5%) and sodium chloride (99%) were purchased from
Synth and Isofar, respectively. All chemicals were used without further
purification and the solutions were prepared with ultrapure water
(purified by a Purelab Option-Q_(Elga) system, resistivity >18.2 MQ
cm).

2.2. Synthesis of Nanocubes of Cobalt Prussian Blue
Analogue (Cos[Co(CN)gl, NCs). Co;[Co(CN)s], NCs were
prepared by slight modifications of the method reported by Carvalho
et al.*” and Hu et al.*’ In a reaction flask, 16.6 mg (5 X 107 mol) of
K;[Co(CN)g] were dissolved in 10 mL of ultrapure water. Next, 10
mL of 7.5 mmol L' Co(CH;C00),4H,0 (18.7 mg, 7.5 X 107°
mol) were added slowly to the solution containing Co®" species under
a nitrogen flow at 25 °C, yielding a slightly pink colloidal suspension.
The reaction mixture was stirred for 12 h, after which the product was
washed three times with acetone to eliminate any unreacted starting
materials. After isolating it from the supernatant by centrifugation, the
pink color precipitate was dried in an oven at 60 °C for 15 min.

2.3. Synthesis of the Co;[Co(CN)¢],/Fe;0, Nanocomposite.
Ferromagnetic nanoparticles (Fe;O, NPs) were synthesized by
following the coprecipitation method reported by Santos et al. with
some modifications.”® Fe;O0, NPs were prepared using a 2:1
stoichiometric ratio of FeCl;:6H,0 and FeCl,-4H,0 precursors. In
a 25 mL reaction flask, 0.25 mmol (67.57 mg) of FeCl;:6H,0 and
0.125 mmol (24.85 mg) of FeCl,-4H,0 were added. This mixture was
left to stir in an ultrasonic bath for 20 min, followed by purging with
nitrogen at 25 °C for 5 min. Then, a 1.0 mol L™' NaOH solution was
added dropwise to the mixture until the supernatant became colorless.
This occurred at pH 10, indicating that all iron ions were consumed
with the formation of a black precipitate (Fe;O, NPs). This mixture
was maintained at 45 °C for 30 min under magnetic stirring and N,
atmosphere. The Fe;O, powder was separated from the supernatant
with a magnet, washed thrice with acetone until the supernatant
reached pH ~6.5, and then dried in an oven at 100 °C for 15 min.
The Co;[Co(CN)g],/Fe;O, nanocomposite was prepared using the
synthesis strategy described by Melo et al®' and Zhao and co-
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workers®” for producing Fe;O,—Prussian blue. The Fe;O, NP powder
was added to 10 mL of an aqueous solution containing S X 10> mol
of K5[Co(CN)g] (16.6 mg). This was followed by the slow dropwise
addition of 10 mL of 7.5 X 1075 mol Co(CH;C0OO0),-4H,0 (18.7
mg) to the reaction mixture, which was then stirred for 12 h at 25 °C
under an inert atmosphere. Finally, the black colored Cos[Co-
(CN)¢],/Fe;0, product was washed thrice with acetone to remove
the nonadsorbed or weakly adsorbed Fe;O, NPs on the Cos[Co-
(CN)¢], surface, isolated from the supernatant by magnetic
separation and dried at 60 °C. Figure 1 illustrates the synthesis
process of the nanocomposite performed at room temperature.

2.4. Characterization. Ultraviolet—visible (UV—vis) spectra were
recorded with an Allcrom UV-6100S double beam spectrophotometer
using a quartz cuvette with 1 cm optical path, in the wavelength range
of 190—900 nm. The infrared spectra of samples in KBr pellets were
obtained with a PerkinElmer Spectrum 100 FTIR spectrometer in two
regions, from 4000 to 1800 cm™' and from 1200 to 400 cm™. The
spectra were normalized with maximum and minimum values
corresponding to 1.0 and 0.0, respectively. The TEM images were
obtained using the TECNAI 20 instrument operated at an
accelerating voltage of 200 kV. A drop of the colloidal suspension
of Co3[Co(CN)], NCs and Co;[Co(CN)g],/Fe;O, was placed on
the carbon-coated copper grid, dried at 25 °C, and analyzed by TEM.
The XRD patterns were recorded on a Bruker D8 Advance
diffractometer using nickel-filtered Cu Ko radiation at a scan rate of
2 and 1 deg/min for Co;[Co(CN)s], NCs and Fe;O, NPs,
respectively, and 0.02 deg/min for Co;[Co(CN)¢],/Fe;0,, in the
26 range of 10—70°.

The morphological characteristics and chemical compositions of
the materials were studied by scanning electron microscopy (SEM)
using a FEI (QUANTA FEG 250 model) microscope equipped with
an energy dispersive X-ray spectrometer (EDS) at an accelerating
voltage of 20 kV. For SEM analysis, the materials were dispersed in
isopropyl alcohol and a drop of this dispersion placed on the
aluminum-coated stub was allowed to dry at room temperature. The
specific surface areas and pore volumes were measured by Brunauer—
Emmett—Teller (BET) analysis of N, absorption/desorption
isotherms obtained using a Micromeritics AutoChem II 2920
instrument.

To determine the oxidation states of cobalt and iron, and identify
the elements at the surface of the samples, high-resolution XPS
measurements were carried out. Spectra were acquired using a Scienta
Omicron ESCA + Spectrometer system equipped with an EA 125
hemispherical analyzer and a Xm 1000 monochromated Al Ka X-ray
source (1486.7 eV). The X-ray source was used with a power of 280
W and the XPS high resolution spectra were recorded at a constant
pass energy of 20 eV with 0.05 eV per step. Data analysis was
performed using CasaXPS software (version 2.3.16), where the
background in high-resolution spectra were computed using the
Shirley method. Charge effects were corrected using the C 1s peak at
284.5 eV of adventitious carbon on the sample surface. The
electrochemical properties of the materials were studied using cyclic
voltammetry (CV) with an Autolab PGSTAT128N potentiostat/
galvanostat coupled to a three-electrode electrochemical cell. The
reference electrode was saturated calomel (SCE), platinum served as
the auxiliary electrode, while the working electrode was a bare ITO
slide (indium tin oxide, R, = 70—100 €, Delta Technologies Ltd.,
Auburn Hills, MI, USA; area of 0.16 cm?®). For CV analysis, 6.42 mg
of each material (Co;[Co(CN)g], NCs and Co;[Co(CN)g],/Fe;0,)
were dispersed in 20 mL of NaCl electrolyte (0.1 mol L™!, pH 7.2).
Oxygen was removed from the electrochemical cell with nitrogen gas
flow for 5 min. The magnetization of the nanomaterials was measured
with an EZ9 vibrating sample magnetometer (VSM) with the
magnetic field varying between —20 and 20 kOe at room temperature.

3. RESULTS AND DISCUSSION

3.1. Spectroscopic Investigation. The supramolecular
assembly of the 3D nanohybrid, Co;[Co(CN),],/Fe;0,, was

obtained by first dispersing the magnetic nanoparticles in a
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solution containing [Co(CN)4]*~ ions. Upon mixing Co®" and
[Co(CN)¢]*” ions in the corresponding Fe;0,/[Co(CN)4]*~
stoichiometry ratios, the dispersion turned black. This
suggested the formation of a new product. The UV—vis
spectra of the hybrid and precursors shown in Figure 2 are

200 300 400 500 600 700 800 900
Wavelength / nm

Figure 2. UV—vis spectra for colloidal suspensions of (a) Co;[Co-
(CN)gly, (b) Fe;0,, and (c) Cos[Co(CN)¢l,/Fe;0,.

consistent with the formation of the Co;[Co(CN)¢],/Fe;0,
hybrid nanomaterial (Figure 2c), whose spectrum was found to
be a superposition of the spectra of the starting materials,
featuring a band with A, at 200 nm, a shoulder at 240 nm,
and a broad shoulder at 357 nm. For the aqueous dispersion of
Co3[Co(CN)g],, the spectrum (Figure 2a) contained an
absorption band at 200 nm and a shoulder at 240 nm, thus
differing from the spectrum of the cobalt precursors.’”*® The
spectrum of Fe;O, NPs (Figure 2b) had a broad shoulder at
357 nm and was affected by the scattering caused by the
nanoparticles.””" Figure S1 shows the spectra for FeCly-6H,0
and FeCl,-4H,0 solutions, which displayed bands at 291 (& =
4930 L mol™ cm™) and 293 nm (& = 1476 L mol™* cm™).
These bands could be assigned to the metal-to-ligand charge
transfer (MLCT) transition in aqua-iron complexes.53 Figure
S1 also shows the spectra of K;[Co(CN)¢] with two main
absorptions at 256 (& = 208 L mol™ ¢cm™) and 310 nm (e =
272 L mol™ ecm™), and Co(CH, COO)2 4H,0(,q), which
showed a band at 512 nm (& = 5.6 L mol™' cm™") assigned to
d—d transitions.*”**>

The interactions between Cos;[Co(CN)g], and Fe;O, NPs
were investigated by FTIR spectroscopy and the spectra of
Fe;0, NPs, Cos[Co(CN)g],, and Co;[Co(CN)¢],/Fe;O (KBr
pellets) are shown in Figure 3. The peaks in the spectra were
relatively simple to assign because of the high symmetry of the
cobalt complex and the low diversity of atoms in the chemical
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Figure 3. FTIR spectra for (a) Cos[Co(CN)4], NCs, (b) Fe;O, NPs,
and (c) Cos[Co(CN)g],/Fe;0, in KBr pellets.
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environment. The broad absorption (high intensity) at 3330—
3470 cm™ in Figure 3a was assigned to the stretching mode of
H,O (v(O—H)), which is typical of uncoordinated water.’*>’
In the cases of Co;[Co(CN)¢], and the hybrid material, the
peak at 3646 cm™' was assigned to the stretching mode of
water molecules bound to the metallic centers, analogous to
the observations by Lejeune and collaborators.”” The peak at
2135 cm™" (Figure 3a and 3c) is typical of the hydration of the
complex analogue, as suggested by Shriver and Brown.*® The
high-intensity band at 2174 cm™" was assigned to v(C—N) in
the Co**—~CN—Co*" fragment for the cobalt complex without
and with magnetic nanoparticles. Additional medium intensity
bands were observed at 456 v(Co—CN), and those at 440 and
611 cm™ corresponding to v(Fe—O) and v(Fe—O-—Fe),
respectively, were assigned to the cobalt Prussian blue
analogue™*’ and magnetite.”’™>’ Overall, the spectrum of
the hybrid material was the superposition of the spectra of the
starting materials, Fe;O, NPs and Cos;[Co(CN)g4],. This was
confirmed by analyzing the theoretical spectrum of the hybrid
material, which was generated from a combination of the
experimental FTIR spectra of magnetite and cobalt complex
and the experimental spectrum of the hybrid material (Figure
S2).

3.2. Crystallinity and Supramolecular Organization.
X-ray diffraction was used to investigate the crystallinity of the
nanoparticles and hybrid material. Figures 4a and 4b show the
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Figure 4. Diffractogram for (a) Fe;0,, (b) Co3[Co(CN)4],, and (c)
Co3[Co(CN)g],/Fe;0,.

XRD patterns of Fe;O, and Cos[Co(CN)g], samples, which
correspond to the inverse cubic spinel structure (JCPDS No.
76-1849) and face-centered cubic (fcc) phase (JCPDS No. 77-
1161), respectively. The diffractogram for the Co;[Co-
(CN)4],/Fe;0, hybrid (Figure 4c) showed peaks from both
Co-PBA at 17° (200), 25° (220), 39° (420), and 50° (440),
characteristic of the fcc phase, and the inverse Fe;O, spinel
structure at 30° (220), 35° (311), 43° (400), 53° (422), 57°
(511), and 63° (440).*>>**** The (311) and (200) crystallo-
graphic planes had higher intensity peaks owing to the
crystalline phase of Fe;O,NPs and Co;[Co(CN)g],. However,
Co;[Co(CN)¢],/Fe;0, had a less ordered structure than its
precursors, as indicated by the broader reflections, similar to
other supramolecular structures of magnetite nanoparticles
modified with Prussian blue.*”** It should be mentioned that
the diffractograms in Figure 4a and 4b are those of
nanomaterials obtained via synthetic routes designed to
investigate diffraction planes and not their relative intensities.
Indeed, it is reasonable to expect that the isolated materials are
more crystalline than the hybrid material.
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The structural organization, shape, and size of the materials
were observed by TEM. The TEM images and selected area
electron diffraction (SAED) pattern for the isolated Fe;O,
sample are shown in Figure S3, where Fe;O, nanoparticles
were found to be polydisperse, having a quasi-spherical shape
with diameter between 5 and 43 nm. Fe;O, NP aggregates
were formed as expected because of their large surface areas
and magnetic dipole—dipole interactions.*’

Well-defined nanocubes, with average edge lengths of 21—
140 nm, were formed from the colloidal dispersions of
Co3[Co(CN)g],, as shown in the TEM images (Figure Sa and
5b). There was some contact between the nanocubes in the
latter images, which was confirmed in the subsidiary Figure S4a
and S4b. In the case of the Co;[Co(CN)¢],/Fe;O, nano-
hybrid, Figure 5c¢ and 5d show the spheres and nanocubes
corresponding to Fe;O, NPs and the cobalt Prussian blue
analogue, respectively. The Fe;O, NPs were polydisperse with
aggregates smaller than 10 nm in size. The incorporation of
these nanoparticles did not affect the size of the 3D
Co3[Co(CN)g], nanocubes, probably because the magnetite
nanoparticles coating the nanocubes prevented them from
having contact. The nonuniform distribution of the Fe;O, NP
aggregates on the surface of the nanocubes could be attributed
to strong magnetic dipole—dipole interactions®"*> among the
dispersed magnetite nanoparticles during in situ formation of
Co3[Co(CN)¢],. This organization was analyzed in more
detail in another microregion in Figure Se, where the Co-PBA
nanocubes of ~95 nm size were decorated with 10 nm Fe;O,
aggregates. It is worth noting in Figure S5f that the
Co3[Co(CN)g], surface was practically entirely coated with
the Fe;O, nanoparticles. A similar supramolecular organization
was reported by Chen and co-workers®” in a catalyst
comprising Pd NPs with Co;[Co(CN)¢],, which exhibited a
core—shell-like feature with fine Pd particles deposited on the
Co;[Co(CN)4], nanocubes. The decoration of Co-PBA
nanocubes with $-CD led to a decrease in their average length
from 115 to 85 nm because the CD layer hampered the growth
of the nanocubes.’” A core—shell structure with Prussian blue
and magnetic nanoclusters (PB-MNS) having a hydrodynamic
diameter of ~280 nm proved to be effective in the removal of
radioactive cesium via magnetic separation of the absorbent
from '¥’Cs-contaminated water.*®

The crystalline structure of the materials was determined by
SAED. Figure S3d shows the (220), (311), (511), and (440)
crystallographic planes of Fe;O,, which correspond to the XRD
pattern shown in Figure 4a. The SAED pattern for Cos[Co-
(CN);4], nanocrystal shown in Figure S4d indicated that it was
a polycrystalline complex;®* the crystallographic planes (200),
(220), (400), (420), and (422) were consistent with the fcc
cobalt PBA structures (Figure 4b). The SAED pattern of the
magnetic nanocomposite (Figure SS) had rings related to the
(200), (220), and (420) planes of the Cos[Co(CN)g], phase
and one (311) plane of the Fe;O, phase. This SAED pattern
was consistent with TEM images shown in Figures S5a and Se,
where most of the Co-PBA surface was not decorated by Fe;O,
nanoparticles.

3.3. Surface Properties and Chemical Composition.
The morphology and uniformity of the as-prepared materials
were analyzed by SEM at different magnification levels
(Figures S6 and S7). Figure S6 shows the nonuniform
Co;[Co(CN)q], aggregates with quasi-cubic shape and ball-
shaped nanoparticles.”” This organization may be attributed to
the absence of surfactants, which generally cause agglomer-
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Figure 5. TEM images for Co;[Co(CN)¢],, (a) 100 nm (b) S0 nm; Co;[Co(CN)4],/Fe;0,, (c) 200 nm, (d) 50 nm, (e) SO nm, and (f) SO nm

different microregion.

ation to minimize the surface energy. The EDS spectrum of the
selected area in Figure S8 reveals the absence of impurities
with detection of only C, N, and Co, in addition to Al from the
substrate. These results confirm the expected elemental
composition of the Co;[Co(CN)4], complex. The EDS
elemental mappings in Figures S8e—S8h also confirmed that
the Co-PBA nanocrystals contained C, N, and Co that were
well-distributed on the nanocube surfaces. The SEM images of
Co3[Co(CN)g],/Fe;0, (Figure S7) illustrate a morphology
differing from that of Cos[Co(CN)],, since these agglomer-
ates were decorated by small particles of varied sizes and
spherical or quasi-spherical shape. The EDS analysis (Figure
6h) indicated that the magnetic nanocomposite comprised C,
N, O, Fe, and Co, according to the chemical structure of
Co;3[Co(CN)g],/Fe;0, (Figure S9). Furthermore, it is evident
from Figure 6b that Cos[Co(CN)4], was not fully coated by
Fe and O (Fe;0,), which corroborates the TEM images. From
the EDS elemental mappings in Figure 6¢—6g, it could be
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noted that the five constituent elements (C, N, O, Fe, and Co)
were well-distributed over the sample.

The BET specific surface area and pore volume of Fe;O,
nanoparticles were 124.95 m’ g~' and 0.0629 cm’® g7},
respectively (Table S1). This surface area is higher than
usual for magnetite,"***~% probably because of the synthetic
route adopted in this study. The BET areas of Co;[Co(CN);],
and Co,[Co(CN)¢],/Fe;0, were calculated to be 553.13 and
179.01 m* g~', respectively. The pore volume of the Co-PBA
nanocubes (0.2785 cm® g™') was higher67 than that found in
Co3[Co(CN)¢],/Fe;0, (0.0901 cm® g™'), which suggested
that the hybrid is a promising material for catalysis. The BET
areas were consistent with the TEM images because the
specific surface area and pore volume should decrease when
decorated by Fe;O, nanoparticles as the Co-PBA surface and
pores become occupied. Moreover, the BET area of 179.01 m®
g~ was also higher than that of magnetite (124.95 m*> g™'),
which indicated that the surface of Co;[Co(CN)4], was not
fully decorated by the Fe;O, nanoparticles.
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Figure 6. (a) SEM image of Cos3[Co(CN)4],/Fe;O,, (b) corresponding EDS elemental mapping of C, N, O, Fe, and Co elements, (c) C mapping,
(d) N mapping, (e) O mapping, (f) Fe mapping, (g) Co mapping, and (h) spectrum EDS of aggregates (Co;[Co(CN),],/Fe;0,) microregion.

XPS was used to determine the surface composition in
detail, and the full XPS spectra are given in Figure S10. The
XPS survey confirmed the presence of Fe, C, O, and Na in the
Fe;0, sample, of Co, C, O, and N in the Co;[Co(CN);],
sample, and of Co, Fe, C, O, and N in the Co3[Co(CN)q],/
Fe;0, sample. The presence of Na as an impurity was only
detected in Fe;0, because of an excess of NaOH. The surface
elemental composition was determined from the survey XPS
spectra by calculating the atomic concentration of each
element using the specific elemental sensitivity factors, as
shown in Table 1.
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Table 1. Atomic Percent Concentration of Fe, Co, N, and O
Elements (at%) Obtained from XPS Survey Spectra for
Fe;0, Co;[Co(CN)4], and Co;[Co(CN)4],/Fe;0, Samples

Fe 2p Co 2 N 1Is O Is
sample (at %) (at % (at %) (at %)
Fe,0, 18.0 82.0
Coy[Co(CN)], 14.8 226 62.6
Co[Co(CN)],/ 9.0 7.8 202 63.1

Fe;0,

The deconvolution of the XPS high-resolution spectra of Co
2p in Co;[Co(CN)g], revealed two spin—orbit doublets
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arising from 2p;,, and 2p;,, at 781.3 and 796.4 eV,
respectively. The Co 2p;/, component was fitted with two
components at 781.1 and 782.4 eV, corresponding to Co>" and
Co*, respectively (Figure 7a).””® The difference in the
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Figure 7. Core-level spectra of Co 2p: (a) Co;[Co(CN)¢], and (b)
Co;[Co(CN)g],/Fe;0,. Core-level spectra of Fe 2p: (c) Fe;O, and
(d) Cos[Co(CN)¢],/Fe;0,.

binding energy between Co 2p;,, and Co 2p,,, was 15.1 €V,
consistent with the literature reported values.”” This result
confirmed the presence of Co®* and Co** sg)ecies, and
therefore the formation of Cos**[Co*(CN)¢],.°° The high-
resolution XPS spectrum of Co 2p in Co;[Co(CN)¢],/Fe;0,
(Figure 7b) showed a shoulder at ~784.4 eV, which was absent
in Cos[Co(CN)4],. According to previous reports, the
appearance of a shoulder at this energy is characteristic of
the CoO phase.”” The peak positions for Fe 2ps, and Fe 2p;
in Fe;0, (Figure 7c) at 710.7 and 724.5 eV, respectively, were
in agreement with the literature.”>°° The Fe 2p peak for Fe;0,
was deconvoluted into Fe** and Fe®* peaks at 710.4 and 711.7
eV, respectively. The presence of both ions confirmed the
formation of Fe;0,.°%% The high-resolution XPS spectrum of
Fe 2p in Cos[Co(CN)¢],/Fe;0, shown in Figure 7d is quite
similar to the Fe 2p core-level spectrum of the Fe;O, sample
with deconvoluted peaks assigned to Fe*" at 709.9 eV and to
Fe* at 711.0 eV.

3.4. Electrochemical and Magnetic Properties of Self-
Assembled Supramolecular Nanocubes. The electro-
chemical properties of the 3D hybrid nanomaterial were
studied using CV. The voltammogram for the cobalt Prussian
blue analogue complex (Figure 8a, blue line) exhibited a redox
couple with a formal potential (E,/,) of 0.45 V and peak-to-
peak separation (AE,) of 0.04 at 0.01 V s™! assigned to the
Co*"/Co’" couple. After immobilization of Fe;0, NPs on the
Co3[Co(CN)¢], nanocubes, the peak potentials remained
practically the same. However, the Faradaic currents increased
in comparison with the case of the cobalt Prussian blue
analogous species (red line). This suggested that Fe,O,
enhanced electron transfer without affecting other electro-
chemical parameters such as the reversibility and stability of
the nanocubes. This increase in current may be related to both
the larger amount of electroactive species on the electrode
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Figure 8. Cyclic voltammograms for (a) Co;[Co(CN)¢],/Fe;0, (red
line), Cos[Co(CN)¢], (blue line), Fe;O, (green line) and bare ITO
(black line) recorded at 0.01 V s™! and (b) CVs recorded at different
scan rates for Cos[Co(CN)g],/Fe;0,. Inset: Anodic (i) and
cathodic (ipc) peak currents versus scan rate. Electrolyte: 0.1 mol
L™! NaCl, T = 25 °C.

surface and supramolecular charge transfer between the cobalt
Prussian blue analogue and the magnetic nanoparticles. The
surface coverage (I') of Co;[Co(CN)4], and Cos[Co(CN)q],/
Fe;0, on the ITO electrode was estimated based on the
integration of CV area according to I' = Q/nFA at 0.01 V s7h,
where Q is the charge involved in the electrochemical reaction,
n refers to the number of electrons transferred (n = 1), F is
Faraday’s constant, and A is the electrode area (0.16 cm?). As
expected, the surface coverage of Co;[Co(CN)¢],/Fe;O, on
the ITO electrode (" = 1.72 X 10™° mol cm™2) was higher
than that of Co3[Co(CN)4], (T’ = 0.83 X 107 mol cm™2).
Similar behavior was observed for Co;[Co(CN),],-CD, which
contained $-CD on the surface of the 3D nanocubes,’” and for
the layer-by-layer films made with tetrasulfonated nickel
phthalocyanine/gold nanoparticles” and tetrasulfonated co-
balt phthalocyanine/carbon nanotubes.”" Figure 8b shows that
the peak current increased linearly with the scan rate, implying
that the electrochemical processes are governed by electron
transfer at the cobalt complex/electrode interface, as observed
previously for Co;[Co(CN),],.*” Although further studies with
different electrolytes, ionic forces, and substrates are required
to completely understand the electrochemical performance, the
Co3[Co(CN)g],/Fe;0, is already being used as an electro-
chemical sensor for cholesterol detection in our laboratory.
Interesting approaches to develop hybrid materials for energy
storage devices’” and supercapacitors,” respectively, have been
reported in the literature.

Figure 9 shows the hysteresis curves for pure magnetite and
the aggregate with the cobalt Prussian blue analogue. Curves of
such shape can represent two types of magnetic behavior,
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Figure 9. Magnetization as a function of applied magnetic field at
room temperature for (a) pure Fe;O, and (b) Cos[Co(CN)4],/
Fe;0,. Insets: (c) Magnetization effect for the hybrid material and (d)
zoomed figure for the magnetization curves.

namely, ferromagnetism (FM) and superparamagnetism
(SPM). Saturation is expected to occur rapidly for a
ferromagnetic material because the coercive field is practically
null (Figure 9, insert d), which does not occur. This analysis
led us to believe that the hybrid material showed super-
paramagnetic behavior (at room temperature), which could be
expected from the diameter size that was smaller than 10 nm
according to the TEM images (Figure 5). The magnetic
properties of the nanoparticles depend on the diameter and
temperature of the experiment.”* SPM is characterized by the
reduced remnant and coercive fields, and a nonsaturating
behavior for a relatively intense magnetic field, as observed in
the magnetic curves in Figure 9d. Mixing the materials did not
lead to any significant change in the resulting magnetic
response, thus indicating the small influence of the cobalt
Prussian blue analogue on the magnetic properties of
magnetite. The reduction in M (H = 20 kOe) for Cos[Co-
(CN),],/Fe;0, results from the nonmagnetic mass fraction of
Co3[Co(CN)g], used for calculating the emu/g scale. The
magnetic behavior of pure Co;[Co(CN),], in Figure S11 is
typical of paramagnetic response. According to the literature,®!
Prussian blue-coated Fe;O, shows smaller room temperature
magnetization (20 emu/g) than neat Fe;O, (45 emu/g)
because Prussian blue has virtually no magnetization response
to the applied field.

As observed in the FTIR and UV—vis measurements, there
were no changes in the electronic transitions and in the
stretching bands corresponding to the main functional groups
in Cos3[Co(CN)4],/Fe;0, thus indicating that the driving
force to form the supramolecular structure was probably
neither covalent bonding (e.g, metal—ligand) nor reversible
noncovalent interactions (e.g., van der Waals and H-bonding).
Rather, the self-assembly of Fe;O, NPs aggregates on the
nanocubes (Figure 5d) was attributable to the magnetic dipole
interactions between the inorganic components at the
nanoscale.’”**”>”® This conclusion is based on the exper-
imental observation of the small magnetic effect of Cos[Co-
(CN)g],, whereby it took ~50 min for all the material to be
attracted by a magnet (Figure S12). In contrast, under the
same conditions, Cos;[Co(CN)4],/Fe;O, was magnetically
attracted within 10 min. Assemblies in hybrid materials may
allow one to achieve synergy in the properties of their
constituents, thus leading to advanced functional materials.””
The formation of a functional hybrid does not occur only by
the physical mixing of two materials. Fe;O, NPs exert a strong
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influence on the magnetism of Cos[Co(CN)g],/Fe;O, (Figure
S12), and the physical adsorption between the materials
forming the nanohybrid is driven by the magnetic property.

4. CONCLUSIONS

On the basis of the concept of self-assembly, a nanomaterial
composite of the cobalt Prussian blue analogue and magnetite
nanoparticles was synthesized. The 3D hybrid nanomaterial
exhibited a nanocubic shape decorated with small, spherical
magnetite NPs that interacted via dipole—dipole interactions
and prevented intimate contact between the nanocubes. The
UV—vis spectrum of Co,[Co(CN)¢],/Fe;O, colloidal dis-
persion showed an increase in the baseline owing to light
scattering according to the Mie theory. The hybrid nanoma-
terial showed a well-defined Co**/Co®" couple in the CV and
increased faradaic currents as compared to isolated Cos[Co-
(CN)4),- The Cos[Co(CN)g],/Fe;0, nanocomposite had a
magnetic response similar to that of magnetite nanoparticles.
Furthermore, the nanocomposite has promising catalytic
activity, which can be combined with its magnetic properties.
Therefore, the approach presented here is an avenue for
producing hybrid materials with combined electrochemical and
magnetic properties.
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