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Abstract

A template free strategy for designing hollow Prussian Blue (PB) spheres with
multi-shells is reported here. Small PB seeds were synthesized under optimized
conditions using polyvinylpyrrolidone as a controlling agent. The large crystals grow
from the smaller ones which have higher solubility. Voids gradually grow in the core of
the large aggregates and the shell thickness increases owing to the outward diffusion of
the solutes through the permeable shell leading to core-shell structure. Many shells
could form at the surface of the core-shell structure through a step-by-step epitaxial
crystal growth. A subsequent etching leads to the formation of triple-shelled PB hollow
spheres. A controlled thermal treatment under nitrogen yielded nanoporous iron carbide
hollow spheres. The morphology is well-retained after the thermal treatments at 450 °C
and completely destroyed at 700 °C because of the crystallization of the metal
framework and the fusion of the pores. Nanoporous iron carbide demonstrates an
efficient electrocatalytic activity for the oxygen reduction reaction. It shows a better
durability than the commercial PtC-5% catalyst, with only 8% loss of the current
density during the first 3500 s.

Keywords: Prussian blue; Ostwald ripening; etching; hollow spheres; multi-shells;

retention; nanoporous iron carbide; ORR.
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Introduction

Inorganic hollow spheres with nanometer dimensions and multiple microporous thin
shells can be widely applied in catalysis, drug delivery, energy conversion and storage
systems, chemical sensors, biotechnology, etc.' In order to meet the requirements of the
rapid development of the prementioned applications, recent research efforts have aimed
at designing hollow spheres with defined composition and an elaborated inner structure
(e.g., multi-shelled hollow structures) to ultimately provide an improved performance in
drug release with prolonged release time, heterogeneous catalysis, and Li-ion batteries.”
The current synthetic methods are only suitable for the synthesis of single-shelled
hollow spheres made of a single phase. Therefore, finding facile routes for producing
multi-shelled hollow spheres with sophisticated nanostructures of any desired material
remains a significant challenge.

The two existing approaches for preparing hollow inorganic materials can be
summarized as the hard- and soft-templating methods.” The hard-templating route is
useful for preparing hollow particles with highly crystallized frameworks and
nanodimensional porous structure, but it has several practical drawbacks. Large amount
of the solvents are necessary to dissolve the targeted inorganic templates after
introducing the metal sources into the templates. In some cases, harmful HF solution is
needed if the template is made of mesoporous silica or zeolitic materials. It remains
difficult to print the porous structure after removal of mesoporous silica/carbon/polymer
matrix by treating with corrosive HF or by calcination in aerobic environment. The
porous inorganic structure is likely to collapse and destroy easily in both cases. In case
of the soft-templating route, the formation of hollow structures can be inconvenient as it
requires various structure directing agents (e.g., surfactants, block copolymers, etc.) and
the removal of the template while maintaining the structure intact is still a challenge.’

A promising approach for preparing hollow spheres with multi-shells is the
template-free strategy which permits to avoid the limitations of the soft- and
hard-templating methods. Recently, the Ostwald ripening method has been proposed as
a template-free strategy and can be employed for the fabrication of inorganic hollow
spheres and dendritic structures.” The large crystals grow from the smaller ones which

have a higher solubility. Within a colloidal aggregate, small or ‘soft’ crystallites dissolve
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into the liquid phase and participate to the growth of larger or ‘hard’ crystals. Once the
particles with different sizes are attached to each other, the large particles begin to grow
out from the smaller ones. Voids gradually form and grow in the core of large
aggregates, and the shell thickness increases owing to the outward diffusion of the

solutes through the permeable shell.”

The treatments of these large particles with
specific solvents leads to the formation of fine hollow nanoparticles with shells
containing micro- and/or mesopores.

Porous coordination polymers (PCPs) and metal-organic frameworks (MOFs)
constitute an interdisciplinary field originating from inorganic and coordination
chemistry. It has expanded rapidly in the last two decades and is attracting the interest of
the chemical engineering.”'® The developments of these materials is assessed in terms
of the investigations of their property and the enhancements in different disciplines such
as catalysis, conductivity, magnetism, optics, sensors, storage, separation, and
porosity.""" In the recent years, PCPs have been given much attention, from both
scientific and commercial perspectives due to their great potential in many applications.
They can be used as advanced catalysts and drug carriers because of the regularity of
their pore shape and size as well as their functionalities.'®>°

Several works have been achieved to design hollow PCPs with multiple thin shells to
increase their surface area and consequently improve their physical properties. So far,
controlling the preparation of sophisticated hollow PCPs has been successfully achieved,
leading to advanced materials that can bring out new properties and be utilized to solve
problems related to the energy and the environment.*'** For example, the synthesis and
characterization of organometallic CPs nanoshells of PB using miniemulsion periphery
polymerization (MEPP) and self-assembly of stable nanoscale coordination polymers

(NCPs) were previously reported.”*°

Moreover, hollow ferrocenyl CPs microspheres
with microporous shells were synthesized.’’** In these procedures, the conjunction of
porous ZIF-8 with polystyrene spheres induces the formation of polystyrene@ZIF-8
structures. The subsequent etching process removes the polystyrene cores, leading to a
unique hollow ZIF-8. Furthermore, McHale et al. reported PB coordination polymer
nanobox synthesized using MEPP.** Suping et al. have succeeded to synthesize and
characterize ultrathin metal coordination PB nanoribbons.**

In this contribution, we report a promising method for designing and synthesizing
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triple-shelled PB hollow spheres (i.e., FeqFe(CN)¢]3-xH,O) through a step-by-step
crystal growth and a subsequent selective chemical etching. Many shells were
developed into small PB seeds by epitaxial crystal growth. In the light of the Ostwald
ripening concept, it has been generally known that the PB colloidal nanocubes are
formed by self-aggregation of small nanocrystals that lead to defects within the
nanocubes. The distribution of the defects varies by different locations owing to the
in-uniform fusion of the nanocrystals. The dissolution and recrystallization can help to
reduce the defects/voids in the shell. Therefore, specific defects distribution can be
expected inside the PB colloidal nanocubes. For each nanocube, the inner region has
more defects than the outer surface, similar to a core-shell structure. Many shells can be
developed into the core-shell structure leading to solid PB nanocubes with multi-shells.
After etching the PB nanocubes using diluted hydrochloric acid, hollow PB spheres
with multi-shells and a large inner cavity were successfully obtained.

Moreover, we have reported the thermal decomposition in air of hollow and solid PB
nanocubes.” In general, this reaction is accompanied by the loss of water molecules in
the early stage of the heating treatment followed by the subsequent release of gaseous
(CN); or HCN products. In the meantime, oxidation of iron cations leads to the
formation of iron oxide as a common decomposition product. The obtained Mdssbauer
parameters were assigned to a-Fe,Os in case of the calcined hollow PB nanoparticles

3% Otherwise,

and was used as a photocatalyst for the degradation of methylene blue.
according to the XRD data and the measured magnetic properties y-Fe,O3; was attributed
in case of the calcined solid and showed a great potential as drug delivery vehicles with
high biocompatibility, controlled release of bladder cancer cells (i.e., T24), and
magnetic targeting features for future intracellular drug delivery system.’ ® From the
results, we conclude that the hollow structure has a critical effect on the final iron oxide
product. Likewise, the thermal decomposition of hexacyanoferrate compounds in
vacuum at lower temperatures was also reported.”® The authors concluded that the
structure of the solid PB particles heated in vacuum at temperature lower than 400 °C
was partially decomposed and exhibited mixed-valence states. Therefore, herein we
study the thermal decomposition of hollow PB spheres under nitrogen at temperatures

higher than 400 °C to complete the general understanding of the thermal behavior of PB

and its ability to retain its morphology in the air or under nitrogen. To our knowledge,
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the thermal decomposition of hollow PB spheres under nitrogen has never been reported

before.

Experimental section

Chemicals

Polyvinylpyrrolidone (PVP, K30) was purchased from Nacalai Tesque, Japan.
Potassium hexacyanoferrate (III) (K;3[Fe(CN)s]) was purchased from Merck KGaA,
Germany. Hydrochloric acid (HCI) and potassium hydroxide (KOH) were purchased
from Wako, Ltd, Japan. Nafion” perfluorinated resin solution 5 wt.% was purchased

from Sigma-Aldrich, USA. All chemicals were used without further purification.

Synthesis of Triple-Shelled PB Solid Nanocubes (BD’NC)

In a typical procedure, double-shelled PB solid nanocubes were simply synthesized
following a wet-chemical method previously reported by Hu ez al.’” Then, a third shell
was developed by us for the synthesis of BD’NC. The details are as follow: PVP (6.00
g) and Ki[Fe(CN)s] (264 mg) were added to a 0.1 M HCI solution (80.0 mL) under
constant magnetic stirring. After 30 min, a clear yellow solution was observed. The vial
was then placed into an electric oven and heated at 80 °C for 18 h. Following this aging
process, the resulting blue precipitate was collected by centrifugation and washed
several times with distilled water and ethanol. After drying at room temperature for 24 h,
a blue powder was obtained and used as seeds for the next step. This full synthesis
process is referred as the PB growth.

The seeds (20.0 mg), PVP (6.00 g), and K3[Fe(CN)s] (264 mg) were then added to a
0.01 M HCI solution (80 mL) under magnetic stirring and the whole PB growth process
was repeated. Bright and dense PB nanocubes with an average particle size of ~200 nm,
referred as BDNC, were obtained after the first round. PB nanocubes with an average
particles size of ~300 nm, referred as BD?NC, were obtained after the second round.
Finally, PB nanocubes with an average particles size of ~420 nm, referred as BD’NC,
were obtained after the last round. The used amount of K3[Fe(CN)g] for the last round is

396 mg.
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Conversion of BD°NC into Triple-Shelled PB Hollow Spheres (TPBHS)

The obtained BD’NC (160 mg) were immersed in 160 mL of 1 M HCI solution in a
Teflon vessel under magnetic stirring. After sonication for 10 min and a subsequent
stirring for 30 min, the vessel was transferred into a stainless autoclave and heated at
135 °C for 3.5 h in an electric oven (Caution! The —C=N—- groups may be converted
into HCN gas in hot acidic solution. The process should be carried out in a fume hood).
After cooling, the precipitate was collected by centrifugation and washed in distilled
water and ethanol several times. After drying at room temperature for 24 h, TPBHS

could be obtained.

Conversion of TPBHS into Nanoporous Iron Carbide (NIC)

The obtained TPBHS were used as a precursor for thermal conversion into NIC. The
powder (100 mg) was placed inside a melting pot which was then heated inside an
electronic furnace oven with a heating rate of 5 °C min™ up to a desired temperatures
(450 °C, 550 °C, and 700 °C) and kept annealing for 1 h in order to remove the nitrogen
atoms completely. Then, the powder was cooled inside the furnace with at the same rate.
Finally, the obtained black powder was collected for characterization. All calcination

process was carried out under nitrogen with a flow rate of 120 mL min™.

Electrochemical Measurements

For electrode preparation, a rotating disk electrode (RDE) was first polished using
alumina suspensions with decreasing particle size (i.e., typically from 1.0 to 0.05 pm).
The polishing should be in a circle motion. It is critical to rinse carefully the surface of
the electrode with water between every polishing step, followed by drying under
nitrogen flow. The as-prepared catalyst (5 mg) was mixed with 950 pL of mixed
water-ethanol solution (3:1 ratio) under sonication until it becomes homogeneous. Then,
50 uL of nafion perfluorinated resin solution was added to the suspension. After
sonication for 15 min, 5 pL of the homogeneous suspension was deposited at the center

of the top surface of the electrode and left to dry for 2 h.

Electrochemical Analysis Techniques

Cyclic voltammograms (CVs) and linear sweep voltammetric (LSV) curves were
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achieved with a CHI 842B electrochemical analyzer (CH Instrument, USA). A
conventional three-electrode cell was used, including an Ag/AgCl electrode as a
reference electrode, a platinum wire or a graphite rode as a counter electrode, and a
glassy carbon rotating disk electrode (RDE) modified with the catalyst as a working
electrode. Before the RDE experiments, the aqueous 0.1 M KOH electrolyte was
bubbled with oxygen for at least 1 h.

Characterization

Scanning electron microscope (SEM) images were taken with a Hitachi SU8000 at an
accelerating voltage of 5 kV. The transmission electron microscope (TEM) observations
were performed using a JEM-2100F TEM system operated at 200 kV and equipped for
energy-dispersive spectrometer analysis. Wide-angle powder x-ray diffraction (XRD)
patterns were obtained with a Rigaku RINT 2500X diffractometer using a
monochromated Cu Ko radiation (40 kV, 40 mA) at a scanning rate of 2 ° min'. X-ray
photoelectron spectroscopy (XPS) spectra were recorded at room temperature using a
JPS-9010TR (JEOL) instrument with an MgKa X-ray source. All binding energies were
calibrated by referencing to C 1 s (285.0 eV). Nitrogen gas adsorption-desorption
isotherms were obtained with a Quantachrome Autosorb Automated Gas Sorption
System at 77 K. Fourier Transform Infrared Spectroscopy (FTIR) spectra were collected

using a Thermoscientific Nicolet 4700 in a transmission mode.

Results and discussions
The schematic illustration of the design and synthesis of TPBHS and its thermal
conversion into NIC is outlined in Figure 1. First small PB seeds were synthesized,
rearranged, aggregated, and fused to from core-shell structure. Then, three outer PB thin
shells were developed into the core-shell structure leading to BD’NC which converted
into TPBHS by etching. A controlled thermal treatment under nitrogen yielded NIC
spheres.

The surface morphology of the prepared solid and hollow PB nanoparticles was
examined by using SEM, as shown in Figure 2. The starting PB crystals seeds with

approximately 90 nm in size were synthesized under controlled crystal growth
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conditions with the assistance of PVP (Figure 2a). PVP mainly serves as a capping or
chelating agent that stabilizes the nucleus at first. In the case of low concentrations of
PVP, the particles directly precipitate without further crystal growth. On the other hand,
if the amount of PVP is sufficient, the nucleus can stabilize and self-assemble in an
ordered manner.*® Larger PB nanocubes (~200 nm) were grown onto the surface of the
starting seeds (Figure 2b). It has been generally known that the PB colloidal nanocubes
are formed by self-aggregation of smaller nanocrystals that leads to defects within the
larger structures. The defects distributions were characterized from the stair-like edges
and corners of the nanocubes clearly observed from the SEM images. During etching
these defects/voids permit acid enter inside the nanocubes to create holes and works
also in the intermediate surface between the shells. The distribution of the defects varies
by different locations owing to the in-uniform fusion of tiny nanocrystals. The
dissolution and recrystallization can reduce the defects in the shell region. Therefore,
the defects are specifically located inside the PB colloidal nanocubes, thus forming a
core-shell structure. The core region rich in defects is labelled as “bright” (B), while the
shell region is labelled as “dense” (D). Thus, the whole bright and dense nanocubes are
further referred as BDNC. The BDNC was utilized as seeds for the growth of another
layer of PB into its surface. The additional layer also has a BDNC structure, thus
leading to a BD’NC fused nanoparticles (~300 nm), as shown in Figure 2c.
Triple-shelled BD*NC (~420 nm) was further obtained by growing a third PB layer on
the BD’°NC (Figure 2d). When these particles are immersed in an acidic solution, H"
ions can pass through the defects/voids and spaces from the shells and react inside the
particles. Because of the non-uniform distribution of the defects, the etching rate varies
accordingly. The regions with more defects are indeed etched more quickly. Therefore,
the “bright” regions were removed, while the “dense” regions were preserved, resulting
in TPBHS with micro- and mesopores (Figure 2e). The creation of holes inside the
nanocubes and formation of multi-shells can be used for characterization of the
distribution of defects. Moreover, the distribution of Fe atoms was confirmed by the
elemental mapping (Figure 2f). The core and the space between shells seem to be more
bright indicating the succeefully formed TPBHS and homogeneous distribution of Fe
atoms over the top surface.

It is well-known that PB is composed of iron ions with mixed valences (i.e., Fe*" and
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Fe’") combined with a framework in which cyanide-groups act as bridges (-Fe"-C=N-

Fem-).30a To understand the electric states of Fe atoms, the obtained TPBHS were
examined by XPS analysis (Figure S1). The Fe 2ps,, can be divided in two contributions
(708.3 and 712.8 eV) which can be assigned to the Fe*" of [Fe(CN)s]* and Fe’*
oxidation states.*”® The calculated molar ration of Fe*'/Fe*" is around 4/3, which is in
accordance with the theoretical value.*® Moreover, The sharp peaks observed by
wide-angle XRD (Figure S2a) revealed that the as-synthesized TPBHS adopt a highly
crystallized face-centered cubic (Fm-3m) structure compared to the PB crystals (JCPDS
card no. 73-0687).*** This evidences that the etching process led to particles with an
inner cavity while maintaining the original structural integrity. No extra peaks derived
from impurities were detected, suggesting that the product has a high purity.

Nitrogen gas sorption isotherms are performed in order to calculate the structure
parameters and to examine the nanoporous characters of TPBHS, as shown in Figure
S2b. The increase at low relative pressure (P/Pg < 0.1) indicates the presence of inherent
micropores in the shells of TPBHS. Between 0.1 and 0.4, a large amount of N is
adsorbed, reflecting the abundant macropores contained in TPBHS, formed during the
etching process (inset in Figure S2b). This is consistent with the mesopores in the shell
region observed on SEM image (Figure 2e). Their sizes have a wide distributed
distribution, ranging from a few nanometers to ~38 nm. Because of the additional
mesoporosity, the calculated surface area is 250 m” g and a large hysteresis loop can
be observed.

TEM and electron diffraction (ED) images of the BD’NC solid nanocubes are
presented in Figure 3a. The presence of stair-like edges suggest the large nanocubes are
formed from aggregates of smaller crystals and the periodic diffraction spots taken from
the edge of a single cube (inset in Figure 3a) indicate that the monocrystalline particles
have a common orientation. The contrast between the darker shells and brighter cores is
an evidence of the BD’NC structure. BD’NC are then dispersed in a hot diluted HCI
solution and underwent etching. Figure 3b shows a clear image of the internal structure
of TPBHS with fine morphology. One can clearly observe three concentric layers along
with the cavity. Interestingly, the outer and inner layers share the same crystallographic

orientation, as suggested by the ED patterns (inset in Figure 3b). A low magnification
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TEM images (Figure 3c¢) was inserted o assess the homogeneity of TPBHS. Few small
particles are formed because of the deterioration of some large particles during heating
but they are negligible. High-angle annular dark field scanning transmission electron
microscope (HAADF-STEM) was employed to further confirm the successful synthesis
of the TPBHS. A quasi-cubic shape with highly symmetric curved edges was observed
(Figure 3d).

The thermal conversion of PB into iron carbide is a promising application. Upon
heating under nitrogen or vacuum at lower temperatures (i.e., < 200 °C), the entrapped
water molecules can be easily removed,*® while heating at higher temperatures (i.e., >
400 °C) leads to formation of polymorphs of iron carbide. These include orthorhombic
Fe,C as well as some impurities such as graphite, free carbon and metallic iron. By
further increasing the temperature, metallic iron can be obtained as a main product.”
Thus, TPBHS were thermally treated at 450 °C, 550 °C, and 700 °C under nitrogen for
1h. It can be seen from the SEM images (Figure 4a) that the iron carbide formed at
450 °C retained the nanoporous spheres (~270 nm) structure. By increasing the
temperature up to 550 °C, some of the spheres tend to collapse and shrink and the
average particle size increases due to an outward diffusion of iron ions during the
thermal treatment (Figure 4b). If the temperature is further increased up to 700 °C, all
the spheres entirely collapse because of the complete crystallization of the iron
frameworks (Figure 4c).

The FTIR spectra confirm the complete conversion of TPBHS into NIC, as shown in
Figure 4d. TPBHS return a typical fingerprint spectrum of PB, with a peak at 2110 cm’!
attributed to the CN stretching in the formed —Fe"-CN—Fe""- structure, an absorption
band at 494 cm™ due to Fe’’~CN formation (considered to be the main source of PB
crystals), and absorption bands at 1610 cm” and 3415 cm’ corresponding to the
bending mode of H-O-H and stretching mode of O-H, respectively.”’ The
disappearance of the CN band and other characteristic bands of PB after heating at
450 °C suggests a complete conversion into iron carbide. This result correlates with the
XRD patterns (Figure 5a). The patterns can be assigned to an orthorhombic Fe,C as a
main product (PDF card no. 03-065-1456).>° Some peaks corresponding to graphite,
free carbon,*' and metallic iron®® are also present. Surprisingly, after heating at elevated

temperatures (i.e., 550 and 700 °C), an absorption band at 633 cm™ was observed in the
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FTIR spectra, which is characteristic to Fe—O. Moreover, according to XRD patterns
(Figure 5b), the peaks corresponding to metallic iron and graphite are sharper and more
intense after annealing at 700 °C. These results, combined with the SEM images from
Figures 4b and 4c, suggest that heating at elevated temperature is not favorable for
retaining the spherical morphology of the iron carbide particles.

To investigate the porosity of the obtained NIC, nitrogen gas adsorption-desorption
isotherms measurements were performed (Figure 6a). The average pore volume (0.359
cm’ g'l) and diameter (4.19 nm) were calculated using the Barrett-Joyner-Halenda
(BJH) method. The calculated surface area (BET) was 89.97 m* g'l. From the isotherms,
the shape is almost similar to a type IV isotherm with a hysteresis loop, according to
IUPAC classification, which is associated to capillary condensation taking place in the
mesopores. When this process occurs at high relative pressure, this indicates a larger
pore-size distribution (inset in Figure 6a). This may be attributed to the fusion of
micropores into lagers pores after heating, even though the obtained size distribution
corresponds mainly to mesopores.*' NIC was further characterized by TEM and ED. As
shown in Figure 6b, the shells are decorated with plentiful and dense pores. The final
morphology is well retained even after heating. When compared with the PB spheres,
the average particles size is slightly decreased (~270 nm). The intense oriented spots
arranged in a circular shape, observed in the ED pattern (inset in Figure 6b), are
characteristic of polycrystalline grains.

Inspired by the unique structure of NIC, the oxygen reduction reaction (ORR) was
selected as a target reaction to ascertain their potential implementation in energy
conversion systems. First, cyclic voltammetric (CV) measurements were carried out in
0.1 M KOH saturated with N, and O, to determine the oxygen reduction activity of the
obtained sample. By comparing the CV curves (with N, and O,), it was confirmed that
our material shows a significantly enhanced catalytic ORR activity in O,-saturated
alkaline solution (Figure 7a). Specifically, an ORR onset potential of about -200 mV vs.
Ag/AgCl and peak current at about -400 mV were observed. It is expected that small
molecule-based organic fuels (such as methanol) can penetrate through a polymer
electrolyte membrane from the anode to the cathode easily and subsequently
compromise the whole cell performance.42 Our material could effectively avoid such

crossover effect in comparison to the Pt-based materials when used directly in methanol
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fuel cells.

The oxygen reduction reaction performance of NIC was further tested by using a
rotating disk electrode (RDE) in an O,-saturated 0.1 M KOH solution at a rotation speed
of 1600 rpm and a scan rate of 10 mV s”. The linear sweep voltammograms (LSVs)
was shown in Figure 7b. The influence of NIC on the behavior toward the ORR was
confirmed from the polar curves. The onset potential for the oxygen reduction reaction
on NIC is around -200 mV vs. Ag/AgCl in the scan range from 0 to -1000 mV. All the
results indicate that our material is responsible for the ORR activity. Finally, NIC may
decrease the mass transport resistance and allow the access of the electrolyte to the
active surface sites easier, which is greatly beneficial for the ORR process.* In addition,
the stability of the catalysts is another factor should be well considered in the usage of
the catalysts. Therefore, a chronoamperometric measurement in a time period of 3500 s
was further checked for our material. The current retention performance was recorded in
Figure 7c. It is obvious that NIC shows a current loss of only 8% and high current
retention efficiency (i.e., 92%). After comparison, it shows much better durability than
the commercial PtC-5% catalyst

The electron transfer number (n) involved in NIC for the catalytic ORR was
estimated to be 3.55 from the rotating ring-disk electrode plot (RRDE; Figure 7d). To
obtain in-depth understanding on the ORR process, RRDE voltammograms were
measured. The corresponding amperometric current (upper curve) for the oxidation of
hydrogen peroxide ions (HO; ) was recorded at the Pt ring electrode, which is effective
to monitor the formation of intermediate peroxide species. Specifically, the calculated
peroxide yield was 23 % at a potential of 0.5 V vs. Ag/AgCl. The electron transfer
number per oxygen molecule involved in the ORR was calculated from RRDE
voltammograms according to the following equation.*

n=4x1, | (I;/-1/N) (1)
Where; Iy is the disk current, I, is the ring current and N = 0.37 is the collection
efficiency of Pt ring.

Meanwhile, the peroxide percentage (% OH, ) was calculated based on the following
equation.**

%OH, =200(,/N) / (I7/+1,/N) )

In order to gain insight to the kinetics of ORR on our iron carbide hollow spheres, we
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conducted the RDE measurements under different rotation speeds from 400 rpm to 2500
rpm with a scan rate of 10 mV s, The polarization curves are shown in Figure S3a. The

") for iron carbide showed good

corresponding Koutecky-Levich plot (J' vs. @
linearity, indicating the first-order reaction kinetics with respect to the oxygen
concentration and constant electron transfer numbers for oxygen reduction reaction at a
potential of -0.5 V vs. Ag/AgCl (Figure S3b). The kinetic parameters can be analyzed
on the basis of the following Koutecky-Levich equations.*

J=a 7 a T =B w2 4 g 3)

B =0.62nFCy(Dy)** v (4)
Where; J is the measured current density, Jx and Jp are the kinetic- and
diffusion-limiting current densities, @ is the angular velocity of the disk, n represent the
overall number of electrons transferred in oxygen reduction, F (C mol™) is the Faraday
constant, Cy (mol L) is the bulk concentration of O, v (cm® s) is the kinematic
viscosity of the electrolyte, Dy (cm® s™) is the diffusion coefficient, and & is the electron
transfer rate constant. The number of electrons transferred (7) can be obtained from the
slope of the Koutecky-Levich plots. The transferred electron number (7) was estimated
to be 3.5 for the iron carbide electrode. The overall results indicate that the ORR using
ICHS involves mainly four-electron reaction.

Other counter electrodes were reported (e.g., Ni sheet and graphite rode) to avoid the
contamination of the working electrode by Pt.*® Thus, for confirmation, we checked the
electrochemical activity of NIC again for ORR using a graphite rode as a counter
electrode instead of Pt-wire (Figure 8). Comparison of the cyclic voltammetric curves of
the sample examined in 0.1 M KOH saturated with N, and O, confirmed that our
material shows a significant enhancement of ORR activity in O,-saturated alkaline
solution (Figure 8a). An improvement in the activity in case of O,-saturated alkaline
solution was observed. The ORR onset potential is at around -200 mV vs. Ag/AgCl and
a peak current was shifted to be noticed at a lower potential (-370 mV). The linear
sweep voltammograms at different rotation speeds and a constant scan rate of 10 mV s™
were shown in Figure 8b. The influence of NIC on the behavior toward the ORR was
confirmed from the polar curves. No change in the onset potential for the oxygen

reduction reaction on iron carbide in case of using graphite rode counter electrode

Page 14 of 30



Page 15 of 30

RSC Advances

compared to Pt-wire counter electrode. Meanwhile, the activity increases with
increasing the rotation speed from 400 to 2500 rpm. The corresponding

Koutecky-Levich plot (J' vs. o™

) for NIC shows good linearity and the slops are
almost the same at a potential ranging from -0.45 to -0.55 V (Figure 8c), indicating the
first-order reaction kinetics with respect to the oxygen concentration and constant
electron transfer numbers for oxygen reduction reaction at different potentials. The
kinetic parameters can be analyzed on the basis of the Koutecky-Levich equations and
the transferred electron number (n) was estimated to be 3.73 for the NIC electrode.
Moreover, the electron transfer number (7) was further calculated again to be 3.63 from
the rotating ring-disk electrode plot (RRDE; Figure 8d). Meanwhile, the corresponding
amperometric current (upper curve) for the oxidation of hydrogen peroxide ions (HO: )
was also recorded at the Pt ring electrode, which is effective to monitor the formation of
intermediate peroxide species. The calculated peroxide yield was 22 % at a potential of
0.5 V vs. Ag/AgCl. All the results confirm that our NIC catalyst is responsible for the
ORR activity and using Pt-wire or graphitic rode as a counter electrode has no
significant effect on the ORR activity.

The dependence of ORR electrocatalytic activity of NIC (Fe,C) on the specific
triple-shelled hollow structure was investigated. We furthermore consider that the
retention of the hollow spheres shape during heating is also critical for better ORR
catalytic activity.*” To clarify the shape effect, another control experiment was carried
out. Rigorous grinding of NIC catalyst totally destroyed the hollow spheres shape of the
sample. We studied its ORR catalytic performance using CV and LSV techniques under
the same conditions, as shown in Figure S4. Figure S4a compare the CV curves of NIC
catalyst before and after grinding. Figure S4b compares the LSV curves of NIC catalyst
before and after grinding. There is a sharp decrease in its ORR catalytic activity after
grinding because of the destruction of the hollow spheres shape. It is expected that the
hollow spheres shape contributes in the diffusion of oxygen, electrolyte, and
intermediate species throughout the whole surface of the material. The catalytic ORR
performance of our NIC was further compared with other previously reported materials,
as tabulated in Table 1. In this comparison we considered the onset potentials value and
the number of electron transferred. NIC can be categorized as a four-electron transfer

reaction catalyst which is favorable and common for the reduction of O,. Moreover, the
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onset potential is quite lower than some cases even though we have investigated its

ORR catalytic activity in diluted alkaline electrolyte (0.1 M KOH).

Conclusion

The solid PB nanocubes with multi-shells were succeefully synthesized. After a
subsequent chemical etching, we got the triple-shelled PB hollow spheres with inner
cavities. Moreover, multi-shells with micro- and mesopores were observed. We
proposed a template free approach which can be applied in the future for the designing
and synthesizing hollow spheres with multi-shells and sophisticated nanoarchitecture of
any desired inorganic material. After thermal treatments under nitrogen, the
triple-shelled PB hollow spheres were converted into orthorhombic iron carbide hollow
spheres (Fe,C). The morphology is well retained even after heating at 450 °C and
completely crystallized and collapsed at 700 °C. Such hollow spheres and their
derivatives will give us a great opportunity for a new solid state inorganic chemistry and
can be applicable in the future for the synthesis of different hybrid metals carbide with
fine structures through thermal treatments of PB analogues under nitrogen. The iron
carbide hollow spheres realized high electrocatalytic activity and excellent long-term

stability towards the ORR, even comparable to the PtC-5% catalyst.
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Figure 1 Schematic illustration of the synthetic pathway of TPBHS and its thermal

conversion into NIC with retention of the original morphology.
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Figure 2
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Figure 2 SEM images of a) the small PB seeds, b) BDNC, ¢) BD’NC, d) BD’NC, and
e) TPBHS and f) elemental mapping of Fe atoms on the top surface of TPBHS.
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Figure 3
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Figure 3 a,b) High magnification TEM images of selected particle of BD°NC and

TPBHS, respectively, insets are the corresponding ED images. ¢,d) Low magnification

TEM and HAADF-STEM images of TPBHS, respectively.
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Figure 4
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Figure 4 SEM images of NIC obtained after calcining TPBHS under nitrogen at a)
450 °C, b) 550 °C, and c¢) 700 °C for 1h and d) their corresponding FTIR spectra.
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Figure 5
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Figure 5 Wide-angle XRD patterns of NIC obtained after calcination of TPBHS under
nitrogen at a) 450 °C and b) 700 °C for 1h.
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Figure 6
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Figure 6 a) Nitrogen gas adsorption-desorption isotherms (inset is the pore size
distribution curve) and b) TEM image (inset is the ED image of selected particle) of
NIC obtained after calcination at 450 °C for 1h.
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Figure 7 a) Cyclic voltammetric (CV) curves obtained under (solid line) Nj- and
(dashed line) O,-saturated 0.1 M KOH solutions catalyzed by NIC. b) ORR polarization
curves of the rotating desk electrode (RDE) modified with NIC in an O;-saturated 0.1 M

KOH solution at a rotation rate of 1600 rpm and a scan rate of 10 mV s™. ¢) The current

retention plot during chronoamperometric measurements of NIC and commercial

PtC-5% for 3500 s at a constant potential of -0.5 V. d) Rotating ring-disk electrode
(RRDE) test of the ORR on NIC in an O;-saturated 0.1 M KOH electrolyte at a scan

rate of 10 mV s. The rotation rate was 1600 rpm and the Pt ring electrode is poised at

0.5 V for oxidizing HO; intermediate. These measurements were carried out using

Pt-wire as a counter electrode.
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Figure 8
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Figure 8 a) Cyclic voltammetric (CV) curves obtained under (solid line) Nj- and
(dashed line) O,-saturated 0.1 M KOH solutions catalyzed by NIC. b) Polarization
curves of NIC at different rotation rates in O,-saturated 0.1 M KOH solutions with a
scan rate of 10 mV s™ and ¢) the corresponding Koutrcky-Levich plot of J' vs. @ at
different potentials. d) RRDE test of the ORR on NIC in an O,-saturated 0.1 M KOH
electrolyte at a scan rate of 10 mV s, The rotation rate was 1600 rpm and the Pt ring

electrode is poised at 0.5 V for oxidizing HO, intermediate. These measurements were

carried out using graphite rode as a counter electrode.
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Table 1 Comparison between the electrocatalytic activity toward ORR of our catalyst

(Fe,C) and other previously reported materials. # is the number of electron transferred

during the ORR.
. . Onset potential
Sample information Electrolyte (mV vs. Ag/AgCl) n References
Fe,C 0.1 M KOH -200 3.7  Present work
Mesoporous N-doped carbon 0.1 M KOH -230 2.6 48
N-containing carbon/CNx 0.5 M H,SO, -245 2.4 49
N-coordinated iron—carbon/FeNC 0.5 M H,SO, -155 38 49
N-doped graphene 0.1M KOH -160 2.7 50
CoMn,0, 0.1 M KOH -180 2.9 51
Calcined iron carbide/N-doped 0.1 M NaOH -160 3.0 52
carbon
Calcined N-doped carbon 0.1 M NaOH -260 2.0 52
FeNxC/C-S 0.1 M HCIO4 -115 3.9 53
Boron-doped carbon—iron/ 1.0 M NaOH -140 2.0 54
FeBC105
Boron-doped carbon—iron/ 1.0 M NaOH -150 2.0 54
FeBCO085
Boron-doped carbon—iron/ 1.0 M NaOH -220 2.0 54
FeBCO050
Co-C-N-B/low boron content 0.1 M HCI1O,4 -400 -—-- 55
Co-C-N-B/high boron content 0.1 M HCIO, -315 -—-- 55
Fe-C-N-B/ low boron content 0.1 M HCIOq4 -470 -— 55
Fe-C-N-B/high boron content 0.1 M HCIO, -315 -—-- 55
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Graphical abstract

A controlled thermal treatment of the triple-shelled hollow Prussian blue spheres

yielded well-retained nanoporous iron carbide for efficient electrocatalytic ORR.
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