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Carbon-decorated iron oxide hollow granules formed
using a silk fibrous template: lithium-oxygen battery
and wastewater treatment applications

Taek-Seung Kim!3, Gwang-Hee Lee!3, Seun Lee!l, Yoon-Sung Choi?, Jae-Chan Kim!, Hee Jo Song1 and
Dong-Wan Kim!

Hierarchical nanoarchitecture and phase control of iron oxides are important approaches for achieving multi-functionality for
various applications. Herein, rice-grain-shaped iron oxide hollow structures were synthesized via a hydrothermal process using a
silk fibrous template, and the crystalline phases (x-Fe,03, Fe304) were controlled by annealing. These structures were applied in
a lithium-oxygen battery cathode and as adsorbents for wastewater treatment. The porosity, hollow interior, surface area, surface
chemical composition and efficient carbon matrix of the C/Fe304 hollow granules obtained by annealing under Ar atmosphere
were favorable for enhancing the oxygen reduction and evolution kinetics when applied as an electrocatalyst for lithium-oxygen
batteries, and also led to superior adsorption of organic pollutants (Rhodamine B) from an aqueous medium. The C/Fe304 hollow
granules were uniformly distributed and confined in the 3D nanoarchitecture; this morphology can offer rapid ion transport with

improved electronic and chemical kinetics as well as superior adsorption of organic pollutants.
NPG Asia Materials (2017) 9, e450; doi:10.1038/am.2017.202; published online 17 November 2017

INTRODUCTION
Almost all iron oxides exist in the crystalline form as hydroxides and
oxide hydroxides, which are common compounds widespread in
nature. The properties of iron oxides depend on the conditions that
influence the crystal polymorphs and the particle size. Iron oxides have
been studied for their potential utility in a wide range of important
applications such as in energy devices/storage, biomedical science,
catalysis and environmental fields.'=

The crystalline phases (for example, a-Fe,O3, y-Fe;Os, and Fe;0y)
and oxidation state (for example, Fe?* and Fe’") of iron oxides can be
suitably controlled to achieve desirable properties and adaptive
functions. Hematite (a-Fe,O3) and magnetite (Fe;O4) are the most
widely utilized iron oxide polymorphs. In hematite, the oxygen ions
are closed-packed in a hexagonal lattice and the Fe*" ions occupy two-
thirds of the octahedral sites in the hexagonal unit.® Magnetite belongs
to the spinel family of minerals. It is composed of iron ions in mixed
valance states, and is different from the other phases of iron oxide.
The oxygen ions are closed-packed in a cubic lattice and the iron ions
(Fe?*, Fe**) are located in the spaces, including the tetrahedral sites
(only Fe?*) and octahedral sites (Fe?", Fe’"), between the oxygen
ions.” Since the oxygen ion is much larger than the iron ions, the
lattice structure of the iron oxides is controlled by the arrangement of
the oxygen ions.

Some theoretical studies have shown that control of the exposed
surface structure can bring about remarkable changes in the molar
ratio of the redox couples because of differences in the atomic
arrangement and electronic structures, leading to quite different
electrocatalytic activity. Based on density functional theory analysis
of magnetite, the (001) facets effectively improve the electrocatalytic
performance by acting as active sites.® These facets can easily generate
oxygen vacancies that play an important role as electrocatalysts in the
oxygen evolution reaction (OER).

Furthermore, iron oxides are important regulators of pollutants
such as heavy metals and organic pollutants. The adsorption ability of
iron oxides has been exploited to remove contaminants such as
chromium, cadmium, lead and organic dyes
wastewater."”"!! The magnetic property of magnetite has also been
exploited in the removal of contaminants from processed water, where
the adsorbent could be readily magnetically recovered.!

Among the ways to manifest reliably various functions of iron
oxides, the biomimetic mineralization approach features precisely
controllable, sustainable and low-cost and environmentally benign to
access multi-functional materials with highly ordered structures in
various applica'[ions.1>12 Previously, according to Fei et al, 13 the
a-Fe,O3 mesocrystals were fabricated via using silk fibrous template
for the application to photocatalysts. This biomimetic mineralization
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approach is developed tuneable size and morphologies by simply
varying the concentration of the silk fibroin.

Additionally, unique hierarchical hollow structures show greater
promise for enhanced properties in fields such as energy conversion/
storage, and medicine and many others because of the tunability of
properties via hierarchical pore and reduced aggregation, compared to
their bulk counterparts.'*"!7 Large internal voids and doubled surface
areas formed by well-ordered subunits of hollow structures could
show enhanced performance of Li-O, batteries and water treatment.'®

Herein, we present the design of rice-grain-shaped hollow struc-
tures by using a silk fibrous template. More importantly, this strategy
is extended to develop a composite with hollow granules (HGs)
consisting of Fe;O, and carbon derived from the carbonized silk
fibrous template in order to take advantage of the highly aligned
nano/micro-structures with hierarchical pores and hollows to achieve
multi-functionality. Particularly, the hollow structures can offer rapid
ion transport with improved electronic and chemical kinetics.!%%!
Through ripening (or hollowing) and reduction processes, the
prepared iron oxide HGs are modified to offer important merits:
(i) high specific surface area for available active sites; (ii) hierarchical
porosity for short diffusion pathways; (iii) control of Fe**/Fe>* redox
system for high electrocatalytic activity; and (iv) defective carbon
formation for removal of organic pollutants. To demonstrate the
above merits, we applied the C/Fe;0, HGs and Fe,O; HGs in the
Li-O, battery cathode and the adsorbent of pollutants.

MATERIALS AND METHODS

Preparation of silk fibroin solution

A silk fibroin solution was prepared according to a procedure previously
reported by Cheng et al.?? First, Bombyx mori cocoon silk was placed into a
0.02 M sodium bicarbonate (NaHCO3, 99%, High Purity Chemicals, Sacado,
Japan) solution that was boiled twice at 90 °C for 0.5 h. The cocoon silk was
rinsed with distilled water several times. The extracted silk fibroin was dissolved
in a 9.3 M lithium bromide (LiBr, 99%, Sigma-Aldrich, Darmstadt, Germany)
aqueous solution by heating at 60 °C for 4 h. The solution was then dialyzed
against distilled water using a dialysis tubular membrane (Cellu Sep T2, 6000—
8000 MWCO, TX, USA) over the course of 72 h. The solution was centrifuged
twice at 10 000 r.p.m. for 10 min at 4 °C. The final concentration of the silk
solution was about 6%, as calculated by weighing the remaining solid after

drying.

Synthesis of iron oxide hollow granules

Iron(IIT) chloride (FeCl;, 97%, Sigma-Aldrich, Darmstadt, Germany) was
added to 75 ml of 0.5 wt% silk solution until the final Fe(III) concentration
reached 0.08 mol 17! and the mixture was stirred for 0.5 h. The solution was
sealed in a 100 ml Teflon-lined stainless steel autoclave and then heated at
180 °C for 12 h. The autoclave was cooled at room temperature; the product
was then washed thrice with deionized water by centrifugation. Finally, the
obtained powder was prepared by freeze drying below —50 °C for 12 h. This
procedure was previously reported by Fei et al.'® The as-prepared powder (silk
fibroin/Fe,03 hollow granules; sf-Fe,O3 HGs) was thermally treated for 3 h at
500 °C under air or Ar (100 sccm). After the thermal treatment, reddish-brown
Fe,O3 HGs, and black C/Fe;0, HGs were respectively obtained.

Characterization of iron oxide hollow granules

All samples were characterized by field emission scanning electron microscopy
(FE-SEM; Quanta 250 FEG, Hitachi, Japan), transmission electron microscopy
and energy dispersive X-ray spectroscopy (TEM and EDS; JEM-2100F, JEOL,
USA), X-ray diffraction (XRD; Smartlab, Rigaku, Japan), thermogravimetric
analysis (TGA, STA 409 PC and QMS 403 C, NETZSCH, Germany), Brunauer-
Emmett-Teller (BET; BELSORP mini II, BEL, Japan) analysis, X-ray photo-
electron spectroscopy (XPS; PHI X-tool, ULVAC-PHI, Japan), Raman and
Fourier Transform Infrared spectrometry (Raman and FT-IR; LabRam ARAMIS
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IR2, HORIBA JOBIN YVON, Japan), superconducting quantum interference
device (SQUID; MPMS-7, Quandum Design), and particle size distribution and
zeta potential analyzer (ELSZ-1000, Photal Otsuka Electronics, Japan).

Electrochemical evaluation of Li-O, battery

Electrochemical analysis of the C/Fe;0; HGs and the Fe,O; HGs was
performed using Swagelok-type cells. The electrode was prepared by mixing
each of the obtained powders (45%) with Super P carbon black (45%) and
carboxymethyl cellulose (10%; CMC, Aldrich, Average M,, ~700,000, Darm-
stadt, Germany). The obtained slurry was spread onto nickel foam, and the
loading weight of the electrode was adjusted to approximately 0.2 mg. The Li-
O, cells were assembled in an Ar-filled glove box. The cells consisted of a
lithium foil as the anode, a glass microfiber filter (Celgard 2400, Wellcos,
Gunpo, Korea) as the separator, 1 m LiINO; (Alfa Aesar, anhydrous,
>99.999%) in N,N-dimethylacetamide (DMAc; Alfa Aesar, anhydrous,
>99.8%) as the electrolyte, the electrode and carbon cloth (W0S1002, CeTech,
Taichung, Taiwan) as a gas diffusion layer. All measurements were conducted
under 1.5 atm dry oxygen to avoid any negative effects of humidity and CO.,.
The assembled cells were tested with an automatic battery cycler (WBCS 3000,
WonATech, Seoul, Korea) in the voltage window of 2.0-4.5 V.

Analysis of adsorption capacity of iron oxide hollow granules

The adsorption test was performed by the following procedure: the iron oxide
samples (sf-Fe,O3 HGs, C/Fe;0, HGs, Fe,03 HGs) were respectively added to
15 ml of Rhodamine B (Rh. B) solution and sonicated for 1.5 min. Each
solution was sealed and shaken (200 r.p.m.) for 2 h at 25 °C. Two hours later,
the absorbents were eliminated from the solution by centrifugation or magnetic
separation. The concentration of the solutions was then determined by using a
UV-Vis spectrophotometer (S-3100, SCINCO, Seoul, Korea) to measure the
intensity of absorption at 554 nm (Ajax)-

RESULTS AND DISCUSSION

Formation mechanism and structural characterization of iron oxide
hollow granules

The rice-grain-shaped hollow structures adopted two crystal phases of
a-Fe;O3, namely, (hematite) and Fe;O, (magnetite). The schematic
illustration in Figure 1 summarizes the process for fabrication of the
iron oxide-based HGs. The entire synthesis process proceeds via the
following three steps: (i) extraction of silk fibroin from B. mori cocoon
silk; (i) growth of sf-Fe;O; HGs by hydrothermal reaction of the
precursors with the use of a silk fibrous template; (iii) phase
transformation of the as-formed pristine sf-Fe;O; HGs into Fe;Os
HGs or C/Fe;04 HGs by annealing under different atmospheres. The
Fe,03 HGs was obtained by annealing at 500 °C under air atmosphere.
This air-annealing can remove the silk fibrous through oxidation of
organic matters. The C/Fe;O, HGs was obtained by annealing at
500 °C under Ar atmosphere. This Ar-annealing can format carbon
matrix through reduction of organic matters, and transform to Fe?*
from some Fe**, resulting in phase transformation to magnetite from
hematite.

In the first step, a B. mori cocoon silk fibroin solution was prepared
by dissolving degummed natural cocoons in a 9.3 M LiBr solution
(Figures la and b). The sf-Fe,O; HGs originated from the special
arrangement of the B. mori cocoon silk fibroin. The silk fibroin is
composed of nano-p-crystallites that are connected by hydrophobic
interactions among the polypeptide chains of the silk fibroin.?*2*
Generally, it is believed that hydrophobic/hydrophilic block copolymer
structures may be assembled into B-crystallites via the nanofibrillar
cross-linked network of the silk fibroin in solution (Figure 1c).247
Analysis of the particle size distribution and zeta potential showed that
the silk fibroin in the solution underwent aggregation when the
temperature of the solution increased (Figure 1d). This behavior
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Figure 1 Schematic illustration of preparation of iron oxide hollow granules. (a) Natural B. mori cocoons. (b) Dialysis of B. mori cocoon silk fibroin solution.
(c) Model of B. mori cocoon silk fibroin. (d) Formation of silk fibroin micelle through heating. (e) In the early stage, Fe»,O3 nanorods and silk fibroin micelle
under hydrothermal conditions. (f) Formation of the sf-FeoO3 HGs through ripening process, depending on reaction time. (g) Formation of the C/Fe304 HGs

and Fe»O3 HGs by annealing. HGs, hollow granules.

probably involves interaction with Fe’*, and thus the silk fibroin acts
as a template for crystallization.

The functional groups of the extracted silk fibroin led to a zeta
potential of —026mV at room temperature (Supplementary
Figure Sla). Heating the solution seemed to induce rearrangement
of the fibroin molecules into more regular arrays along with formation
of aggregates. After heating at 80°C, the extracted silk fibroin
in solution displayed a negative zeta potential of —9.04 mV
(Supplementary Figure S1b). At room temperature, five peaks were
observed around 21.7 nm, 97.9 nm, 241.1 pm, and 65pm in the
particle size distribution profile of the silk fibroin (Supplementary
Figure S1c). This particle size distribution of the silk assembly suggests
the formation of irregularly sized aggregates (or micelles) due to
polypeptide chain folding and hydrophobic interactions.>* However,
after heating at 80 °C, the hydrodynamic diameters of the silk fibroin
were concentrated at 95.8 nm and 370 nm. It is assumed that the
hydrodynamic diameters of the silk fibroin prepared by heating
affected the aggregation dynamics. The change of the hydrodynamic
diameters provides evidence of crystallization at this stage in the
process. The silk fibroin-induced formation of a nanofibrillar cross-
linked network of the silk fibroin in the sf-Fe;O; HGs. The results
suggest that assembly and/or aggregation of the silk fibroin plays a
significant role in the synthesis process.

In the second step, crystals of the sf-Fe,O3; HGs were fabricated by a
hydrothermal process (Figures le —g). Apparently, in this experiment,
it was the growth of hematite that led to the formation of the sf-Fe,O3
HGs through ripening process.!»?? In the early stage, numerous
a-Fe,O; nanorods were formed via homogenous nucleation under
hydrothermal conditions. The strong interaction between the Fe**
ions and hydrophobic nano-f-crystallite residues caused the silk

fibroin to cover the numerous small crystallites, with growth of the
crystal to minimize the surface energy (Figure le). Subsequently,
a void space was formed inside of the primary Fe,O5 sphere structures
by interaction of the hydrophobic/hydrophilic micelles. Eventually,
a hollow space appeared in the interior of the sf-Fe,0; HGs,
as indicated by the schematic illustration (Figures le and f).

To further confirm the mechanism of formation of the sf-Fe,O3
HGs, time-dependent experiments were performed by using typical
TEM and FE-SEM. After a short reaction time of 30min
(Supplementary Figures S2a and b), nanorods with an irregular
morphology were obtained. When the reaction time was prolonged
to 2 h (Supplementary Figures S2c —f), relatively uniform rice-grain-
shaped structures were observed to form an actiniform nanorod
bundle. The rice-grain-shaped structures underwent a hollowing
process, and the hollow interior began to emerge. This observation
provides direct evidence that the formation of the sf-Fe,O; HGs is
related to ripening. With further extension of the reaction time to 12 h
(Figure 2a), the sf-Fe,O; HGs did not change much in terms of
size but became more uniform in terms of the rice-grain-shaped
hollow structures. We identified silk fibroin through TEM
analysis (Supplementary Figure S3). There is the silk fibroin inside the
st/Fe;0, HGs. The silk fibroin is formatted to be the
irregular amorphous shell of Fe,O; structures (Supplementary
Figures S3b, d).

In the third step, phase transformation of the sf-Fe,O; HGs by
annealing under Ar or air atmosphere generated the C/Fe;0, HGs and
Fe,O; HGs, respectively. After annealing under Ar atmosphere
(Figure 2b), the observed morphology and the particle size of the
C/Fe;04 HGs did not change significantly. However, after annealing
under air atmosphere (Figure 2c), the low-magnification FE-SEM
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image of the Fe;O3 HGs revealed shrinkage of the rice-grain-shaped
hollow structures, and a more detailed FE-SEM image of the Fe;O3
HGs showed that the grain size of the shell structure was larger,
as shown in the inset of Figure 2c. Figure 2d shows the XRD patterns
of the starting the sf-Fe;O; HGs and the resultant Fe,O; HGs and
C/Fe;0, HGs. The XRD patterns of the sf-Fe;O3 HGs and the Fe,O;
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Figure 2 Structure and morphology characterization of iron oxide hollow
granules. Typical FE-SEM images of (a) sf-Fe,03 HGs, (b) C/Fe304 HGs, and
(c) Feo03 HGs, and (d) XRD patterns of (i) sf-Fe,03 HGs, (ii) Feo03 HGs,
and (iii) C/Fe304 HGs. HGs, hollow granules; XRD, X-ray diffraction.
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HGs could be uniquely indexed to a-Fe,O; (hematite, PDF card
No. 33-0664). After annealing under Ar atmosphere, the hematite
phase was completely transformed to the Fe;0, (magnetite, PDF Card
No. 74-0748) phase, as shown in part (iii) of Figure 2d.

The thermal behavior of the silk fibroin in the sf-Fe,O3; HGs was
evaluated by TGA. As shown in Supplementary Figure S4a, the TGA
curve of the sf-Fe;0O3 HGs showed a 9.2% weight loss up to 400 °C,
followed by a slow weight loss of 9.5% from 400 to 1000 °C,
corresponding to loss of the polypeptide. The TGA curves of the
Fe,O; HGs showed a 1.1% weight loss up to 1000 °C, which indicates
a pure crystal structure. The TGA curve of the C/Fe30, HGs showed a
shoulder, followed by 1.7% weight gain around 300 °C. This behavior
has also been observed for commercial Fe;O, powders (50 nm, Alfa
Aesar, 97%), apparently due to the oxidation of the Fe?* in magnetite.
The weight percentage of carbon in the C/Fe;04 HGs was determined
to be 5.3% based on the difference between the TGA curves of the
commercial Fe;04 powder and that of the C/Fe;04 HGs. We
conducted additional analyses using TEM-EDS to obtain objective
quantitative data (Supplementary Figure S5). The weight percentage of
carbon of both C/Fe;0, HGs and Fe,O3 HGs was observed to show a
trend similar to that of TGA data. These results reveal that carbon
species were generated through thermal decomposition of the silk
fibroin. The C/Fe;0, HGs were far superior to the Fe;O3 HGs in their
ability to retain the morphology of the primary sf-Fe,O; HGs,
plausibly because loss of the carbon derived from the silk fibroin
was low.

XPS and Raman spectroscopy (Supplementary Figures S4b and c)
were used to estimate the carbon compositions of the samples. The
Cls XPS spectrum of the C/Fe;0, HGs clearly showed three peaks
corresponding to carbon atoms in various functional groups and
states, including sp?> (C=C) bonded C at 283.7 eV and sp> (C-C)
bonded species at 285.0 eV.?® Generally, defects in the carbon
structure can be distinguished from the ratio between the carbons

5nm
EEE—

Figure 3 Structural analysis of C/Fe304 HGs and Fe,O3 HGs. (a, b) Typical TEM, (c) HAADF STEM, and (d) HR-TEM images of cross-section of C/Fe304 HGs
using FIB to obtain ultra-thin section. (e, f) Typical TEM, (g) HAADF STEM, and (h) HR-TEM images of cross-section of Fe,0O3 HGs using FIB to obtain
ultra-thin section. The insets of (a, e) are the corresponding SAED patterns and the HAADF STEM images in (c, g) include the EDS line-scan profiles. HGs,
hollow granules; TEM, transmission electron microscopy; STEM, scanning transmission electron microscopy; HAADF, high-angle annular dark-field; HR-TEM,
high-resolution TEM; FIB, focused ion beam; SAED, selected area electron diffraction; EDS, energy dispersive X-ray spectroscopy.
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with sp> and sp? bonding. The ratio of sp*/sp?> bonded C in the
C/Fe;04 HGs was 0.9.2% This result means that the C/Fe;0, HGs had
many defect sites. As shown in Supplementary Figure S4c, the Raman
spectra were also analyzed in order to study the defect structure based
on the D- and G-bands. The Raman spectra show two peaks at around
1320 and 1579 cm™}, corresponding to the D- and G-bands of
carbon, respectively. The value of the intensity ratio (Ip/Ig) was 1.50
for the C/Fe;0, HGs. Both the Ip/I ratio and the sp*/sp? ratio exhibit
to demonstrate the presence of defective carbon. The high intensity
ratio of the D- and G-bands indicates a highly disordered carbon
structure with increased sp® bonding. Therefore, the results from the
Raman spectra agree well with the XPS analysis, indicating that the
C/Fe;04 HGs contained many defect sites.

We have confirmed by TEM that most of the carbon is present
inside the C/Fe;04 HGs. As shown in Supplementary Figure S6, there
is a carbon matrix inside the C/Fe304 HGs. We identified carbon
through EDS point analysis (Supplementary Figure S7). The carbon
matrix is amorphous carbon, which is in good agreement with the
results of XPS and Raman analysis (Supplementary Figure S4). On the
surface of the outer C/Fe;0, HGs, there is a thin and heterogeneous
amorphous shell of about 1 nm (Supplementary Figure S6c). This
amorphous shell is carbon derived from silk fibroin.

The variations in the phase and microstructure of the C/Fe;04 HGs
and the Fe,0O3 HGs were investigated in further detail by acquiring
TEM images and the corresponding selected area electron diffraction
data. Focused ion beam analysis of the cross-sectional morphology of
the C/Fe;04 HGs and the Fe,O; HGs was performed, as shown in
Figure 3. The C/Fe;0, HGs and the Fe,O; HGs clearly maintained
the hollow morphology, as indicated by the TEM image and the
high-angle annular dark-field scanning TEM—energy-dispersive X-ray
spectroscopic (HAADF STEM-EDS) data. The high-resolution TEM
(HRTEM) image in Figure 3d shows that the inter-planar distance in
the C/Fe;04 HGs is 0.297 nm, which is consistent with the (220) plane
of the magnetite phase. Figure 3h shows that the highly crystalline
nature of hematite is preserved in the Fe;O; HGs. The inter-planar
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Figure 4 Electrochemical characteristics of iron oxide hollow granules
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distance of the Fe,O; HGs is 0.368 nm, which corresponds to the
(012) plane.

Although the rice-grain-shaped hollow structure was almost the
same for both the C/Fe;0, HGs and the Fe,O; HGs after the
annealing process, the porous architecture of the two samples,
including the crystallite size and porosity, changed significantly
(Supplementary Figure S8). Based on the aforementioned analysis,
it can be expected that survival of the carbon matrix or the silk fibrous
template would result in a highly porous shell structure after
annealing. We believe that carbon matrix or silk fiber templates can
maintain the porous shell structure and open channel structure and
contribute to column grain growth, compared to the Fe,O3 HGs. After
annealing under Ar atmosphere, the grain direction remains along the
dashed line in Supplementary Figure S8a. However, in the Fe;O3 HGs
(Supplementary Figure S8b), the silk fibroin was removed during
air-annealing process, and then grain growth of the Fe,O; HGs was
generated randomly as indicated by the dashed circle.

The porosity of the sf-Fe;O3 HGs, the C/Fe;0, HGs and the Fe,05
HGs was investigated using N, adsorption-desorption analysis.
Supplementary Figure S9 shows the N, adsorption—desorption
isotherms and Barrett-Joyner—Halenda (BJH) pore size distribution
curves for all the samples. The results are summarized in
Supplementary Table S1. The BET specific surface areas of the
sf-Fe,O3 HGs, the C/Fe;04 HGs and the Fe,0O3 HGs were determined
to be 18.42, 35.83 and 10.16 m? g L respectively; the pore volumes of
these three samples were 0.05, 0.10 and 0.04 cm® g™ !, respectively.
The pore size distribution decreased from 32 to 16nm during
annealing under Ar atmosphere. However, after annealing under air
atmosphere, the pore size distribution was maintained at 32 nm
(Supplementary Figures S9b, d, and f). The pore diameter peak at
4 nm disappeared after annealing in air atmosphere, whereas the peak
at 4 nm was maintained after annealing in Ar atmosphere. Because the
silk fibroin or carbon matrix can prevent grain growth, the C/Fe;O4
HGs maintained porous hollow and open-channel structures of the
primary sf-Fe,O3; HGs, compared with the Fe,O3 HGs. These results
are consistent with the HAADF STEM analysis (Supplementary
Figure S8).

Use of iron oxide hollow granules as electrocatalyst in Li-O, battery
To evaluate the electrocatalytic activity of iron(ILIII) oxide and iron
(IIT) oxide on the electrochemical performance of the Li-O, battery
using the C/Fe;04, HGs and the Fe,Os-containing air cathode
(C/Fe304 HG electrode and Fe,O3 HG electrode), the galvanostatic
discharge—charge cycles of a Li-O, cell with the C/Fe;04 HG electrode
were compared with those of a Li-O, cell employing the Fe,O; HG
electrode at a current density of 200mA g~ ! and a fixed capacity
regime of 1000 mA h g™ !, as shown in Figure 4. The overpotential of
the C/Fe;04 HG electrode was more stable than that of the Fe,O; HG
electrode during 100 discharge—charge cycles (Figures 4a and b). The
galvanostatic discharge curves of the C/Fe;0, HG electrode exhibited a
minor change in the voltage (< 0.1 V) compared to that of the Fe;O3
HG electrode. The Fe,03 HG electrode exhibited lower stability in the
charge process during 82 cycles, compared with the C/Fe;0, HG
electrode (Figure 4b). The Fe,O3 HG electrode underwent sudden
performance deterioration in the discharge process after the 80th cycle
because of inefficient oxygen evolution kinetics. As shown in
Figure 4c, the C/Fe;04 HG electrode exhibited low overpotential
(1.08 V at 140 cycle), which is one of the lowest overpotential, among
previously reported all transition metal oxide electrocatalysts over
long-term cycling (Supplementary Figure S10 and Supplementary
Table S2). Structural defects and the surface oxidation state have been
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Figure 5 Electrochemical performances of iron oxide hollow granules electrodes at various current densities. (a) Comparison of the discharge—charge terminal
voltages versus the cycle number of the C/Fe304 HG and Fe,0O3 HG electrodes at various current densities under the fixed capacity regime of 1000 mA h g=!
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suggested to have a major effect on the electrocatalytic activity of
transition metal oxides in Li-O, batteries.?*? For example, density
functional theory and experimental studies on manganese oxides for
electrocatalyst application have shown that MnO, exhibits excellent
oxygen reduction reaction and OER activity when more Mn>* ions are
exposed on the surface than Mn**. In another case, MnMoOy
exhibited higher catalytic activity when a higher content of vacancy
defects was generated in the Mn-O-Mo framework sublattices.’!

The difference in the surface oxidation state of the C/Fe;04 HGs
and the Fe,O; HGs is significant, as indicated by the XPS data in
Supplementary Figure S11. The Fe 2ps; spectra could be decomposed
into two peaks at binding energies of 709.7 and 711.2 eV, correspond-
ing to the Fe’* and Fe’" oxidation states, respectively. The Fe 2ps,
peak for the C/Fe;0, HGs was negatively shifted (to lower binding
energy), indicating that the exposed surface Fe ions were more
extensively reduced to Fe’™ compared to those of the Fe,O; HGs.
The results presented in Supplementary Table S3 show that Fe in the
C/Fe304 HGs is present in lower oxidation states, the Fe?*/Fe3™ molar
ratio being approximately unity (that is, Fe?*/Fe3™ =0.93). However,
the Fe?*/Fe’* molar ratio in the surface layer of the Fe,O; HGs
decreased from 0.93 to 0.34.

The O 1s spectra presented two peaks at binding energies of 529.6
and 531.1eV, representing the O 1s level in the C/Fe;0, HGs
(Supplementary Figure S11b), while the profile of the Fe,O; HGs
featured three peaks at binding energies of 529.4, 530.9 and 532.0 eV.
The O 1s peak at higher binding energy (532.0 eV) is associated with
chemisorbed or dissociated oxygen or OH species, such as adsorbed
H,0 or O, adsorbed on the surface of the materials.** In particular,
absorption of water on the surface of the air cathode results in an
undesirable effect in Li-O, batteries.?® The content of oxygen vacancies
in the C/Fe;0,4 HGs was higher than that in the Fe;O3 HGs. From this
observation, it can be concluded that the C/Fe;0, HGs are more
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deficiently coordinated with oxygen during the annealing process
under reducing atmosphere than in the case of the Fe,O; HGs.
Interestingly, we clearly show that the C/Fe;0, HGs offer the
opportunity to explore the effect of the oxidation states and oxygen
vacancies on the oxygen reduction reaction and OER activity in Li-O,
batteries.

In addition, structural defects present on the carbon are important
factor for electrocatalytic activity in non-aqueous electrolyte systems.
We demonstrated that disordered or defected carbon have more
efficient oxygen reduction reaction (ORR) and OER activities than
graphitic carbon.?’ Also, the carbon matrix of the C/Fe;04 HGs is
present in voids (pores between Fe;O, nanostructures, hollow
structure) of C/Fe304 HGs. The carbon matrix of the C/Fe;0, HGs
is less electrical conductive than graphitic carbon, but can improve the
electrical conductivity of the C/Fe;04 HGs. We believe that the carbon
matrix can buffer the problems caused by insulating oxygen reduction
reaction products such as Li,O, present during discharge—charge
cycles.

In order to further investigate the rate capability of the C/Fe;O4
HGs electrode, galvanostatic discharge—charge tests were also per-
formed at current densities of 50, 200, 500 and 1000 mA g~!
(Figures 5a—c). Figure 5a shows a comparison of the rate capabilities
of the C/Fe;04 HG and Fe,O3 HG electrodes. The overpotential of the
C/Fe;04 HG electrode was lower than that of the Fe,O; HG electrode
at initial current densities of 200, 500 and 1000 mA g~ !, respectively,
which represents good recovery of the terminal voltages during
discharge—charge cycling at 500 and 200mA g, respectively,
after cycling at 1000 mA g~ ! under reverse conditions. After 50th
discharge—charge cycling at various current densities, it was found that
at the current density of 50mA g~!, the charge plateaus of the
C/Fe;04 HG electrode was reduced to 3.56 V, which is lower than that
of the Fe;O; HG electrode (4.29 V) (Figures 5b and c). The C/Fe;0,
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Figure 6 Performance characteristics of adsorption process. (a) Removal
efficiency of the sf-Fe,O3 HGs, C/Fe304 HGs and Fe,O3 HGs for adsorption
of 5mgl-! Rh. B with increasing amount of absorbent. (b) Rate of
adsorptive removal of Rh. B (5 mg|~1!) by C/Fe304 HGs. The concentration
of the C/Fe304 HGs was 1.4 g1~1. (c) Adsorption isotherm for C/Fe304 HGs
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HG electrode revealed a remarkably low overpotential (0.76 V)
compared with that of the Fe,O;3 HG electrode (1.49V) at
specific capacity of 500mAhg~! during 10 cycles (Supplementary
Figure S12). In our previous report, the low overpotential reveals to
contribute a strong OER activity, which generates actively O, gas,
following that Li,O, begin to quickly decompose.’! Whereas high
overpotential indicates that some CO, gas evolved at the end of the
charge, corresponding to the decomposition of the carbon-containing
electrolyte. The C/Fe;04 HG electrode reveals for enhancing the OER
activity. These results achieve by the C/Fe;0, HGs with large specific
surface area/pore volume and effective oxidation states/oxygen vacan-
cies, compared with Fe,O3 HGs. To gain further insight, the
performance of the C/Fe;0, HG electrode in a Li-O, battery at high
rate density was evaluated. Figures 5d and e show the galvanostatic
discharge—charge cycling performance of the C/Fe;04 HG and Fe,O3
HG electrodes in the fixed capacity regime of 1000 mA h g~ ! at a rate
of 1000mAg~!. The Fe,O; HG electrode exhibited a sudden
deterioration of the discharge—charge overpotential at the 50th cycle
(Figure 5e), and the super P electrode exhibited unstable discharge
capacities after 27th cycle (Supplementary Figure S13). The C/Fe;O4
HG electrode exhibited more stable cycling performance over 80 cycles
compared to the Fe,O; HG electrode.

Rhodamine B removal by adsorption on iron oxide hollow granules
The effectiveness of the sf-Fe,O3; HGs, C/Fe;0, HGs and Fe,O3; HGs
for the adsorptive removal of Rh. B dye (used in the textile industry)
was evaluated. Rh. B is a carcinogenic organic pollutant that
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is discharged into aqueous systems. Transitional water treatment
techniques, including filtration, flocculation, membrane processes
and advanced oxidation processes, are not good choices for
removal of organic pollutants due to their low cost-effectiveness.
The adsorption process is a more effective way to remove dyes than
the other approaches. Iron oxides and carbon-based nanomaterials
have frequently been reported to be effective for removal of organic
pollutants. 13637

As observed in Figure 6a, the efficiency of removal of the dye by the
sf-Fe;O3 HGs and C/Fe;O4 HGs was proportional to the concentra-
tion of the adsorbents. The C/Fe;0, HGs exhibited the highest
removal efficiency among the three samples. The removal efficiency
of the C/Fe;0, HGs increased from 15.4 to 94.0% when the amount
of added absorbent was increased from 0.1 to 1.4 g1~ L. Furthermore,
the C/Fe;04 HGs can be easily separated from wastewater due to the
magnetic property of magnetite. Magnetization curves were obtained
by VSM at 300 K to confirm the magnetic property of Fe;O; HGs and
C/Fe;04 HGs (Supplementary Figure S14). The Fe,O; HGs have no
magnetism, while the C/Fe;0, HGs exhibit superparamagnetic
property at 300 K. This diagram also shows the saturation magnetiza-
tion of C/Fe;0, HGs is 100.61 emu g~ !, which results that C/Fe;04
HGs have the strong magnetism enough to be attracted by an external
magnetic field in wastewater.

The removal efficiency of the sf-Fe;O3 HGs increased from 6.4 to
59.8% when the amount of absorbent added was increased from 0.1 to
1.4 g1~ L. The Fe,0O3 HGs were inactive as an absorbent. As shown in
Figure 6a and Supplementary Figure S15, the adsorption capacities of
the samples for Rh. B followed the order: Fe,O3; HGs < sf-Fe,O; HGs
< C/Fe;04 HGs, which is linked to the BET-specific surface area,
where a higher surface area provides more active sites for adsorption.
Moreover, because the C/Fe;0, HGs include the carbon matrix
derived from the silk fibrous template, they can efficiently remove
Rh. B. Therefore, the C/Fe;0, HGs exhibited the highest removal
efficiency among the evaluated samples.

Investigation of the kinetics and adsorption isotherm of the
C/Fe;04 HGs was carried out as shown in Figures 6b and c.
Figure 6b shows that the equilibrium adsorption time of Rh. B was
reached to achieve fast within 15 min. The adsorption isotherm data
(Figure 6¢) show the relationship between the adsorption capacity
(which is the amount of adsorbed adsorbate) and the equilibrium
concentration of Rh. B in solution. To gain deeper insight from
the kinetics and isotherm, the data were plotted in Supplementary
Figures S16 and S17, respectively. The kinetics data for the C/Fe;O4
HGs (Supplementary Figure S16) fit more adequately to the
pseudo-second-order model, having the highest correlation coefficient
of 0.999. This suggests that the sorption mechanism is based on
chemisorption and that the electrons are shared and exchanged
between the pollutant and absorbent by valance forces.?

The adsorption isotherm data for the C/Fe;04 HGs (Supplementary
Figure S17) were more suitably fitted to the Langmuir equation than
the Freundlich equation. This suggests that the adsorption process
proceeded with monolayer coverage. The parameters for the kinetics
and adsorption model and the correlation coefficient for the C/Fe;O,
HGs are summarized in Supplementary Table S4. The C/Fes0, HGs
showed superior performance compared to commercial Fe;0, powder
and commercial TiO, (P25, Degussa). Compared with the commercial
Fe;04 powder (removal efficiency: 4.8%), the C/Fe;0, HGs (removal
efficiency: 96.4%) displayed extraordinarily high efficiency for removal
of Rh. B (Supplementary Figure S18 and Table S5).

Compared with the previous literature, the adsorption capacity
of the C/Fe;0, HGs is lower than that of BiFej¢5Cog 0503, but the
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C/Fe;04 HGs exhibited excellent adsorption capacity in iron
oxide/carbon composites (excluding graphene and CNT materials).
The C/Fe;04 HGs also exhibited relatively fast adsorption perfor-
mance in transition metal oxides based adsorbents (Supplementary
Table S6).

The large disparity between the performance of the C/Fe;04 HGs
and commercial Fe;Oy is caused by two main factors. The first is the
hollow structure and mesoporous surface of the C/Fe;0, HGs. These
morphologies can offer a high surface area and active sites. We studied
further to confirm the adsorption capacities of C/Fe;0, HGs
depending on width of hollow space. When the reaction time was
prolonged to 2h (provided in Supplementary Figures S2c-—f),
relatively uniform rice-grain-shaped structures were observed to form
an actiniform nanorod bundle and to evolve hollow interior less. We
transformed the less ripened sf-Fe,O; HGs into the Fe;0, phase by
Ar-annealing (H2h-C/Fe;04 HGs). When the Rh. B adsorption
performance was evaluated, the narrow hollow interior of H2h-C/
Fe;04 HGs show poor adsorption performance. However, the largely
hollow interior of the C/Fe;0; HGs shows excellent adsorption
performance (Supplementary Figure S19). We demonstrate that these
results clearly shows the advantages of hollow structures.

The second reason is the presence of defect carbon in the
composite, as indicated by XPS and Raman analysis. The defect
carbon in the C/Fe30, HGs adsorbs Rh. B, having rich aromatic rings,
through n—r stacking on the carbon matrix of the C/Fe;0, HGs. The
strength of n—r stacking is greatly dependent on the functional groups
attached to the aromatic rings for organic chemicals.>*" In other
words, the electrostatic and van der Waals interactions are the major
contributions. We believe that the functional groups of carbon (such
as —OH and —-COOH) might have considerable effects on the
adsorption of organic chemicals. Therefore, we additionally performed
FT-IR analysis (Supplementary Figure S20). The FT-IR spectra of the
C/Fe;0,4 HGs show thee peaks, located at 2357, 1738 and 1365 cm ™2,
which can be ascribed to the oscillation of carboxyl groups (~COOH).
The presence of carboxyl groups as oxygen-containing functional
groups in the C/Fe;0, HGs is clearly evident by a C=0, C-H and
O-H peaks. We measured the Rh. B adsorption performance of the
carbon-removed Fe;04 HGs (Supplementary Figure S21), comparing
with that of the C/Fe;0, HGs. As expected, the C-removed Fe;O,
HGs exhibit poorer adsorption performance (removal rate: 3.4%) than
that of the C/Fe;O4 HGs (removal rate: 96.4%) (Supplementary
Figure S18 and Supplementary Table S5). Therefore, the unique
structure and defective carbon of the C/Fe;0, HGs are effective for
removal of organic pollutants for water treatment.

CONCLUSION

The phase-controlled systematic synthesis of C/Fe;04 HGs and Fe,O3
HGs was demonstrated, where the functionalities of the HGs were
tailored for Li-O, battery and water treatment applications. The initial
step for synthesizing the two controlled structures involves synthesis of
the sf-Fe;O3 HGs by a hydrothermal process using the silk fibrous
template, which provides a uniform size distribution of the rice-grain-
shaped hollow structures to maximize their function. The silk fibrous
template not only mediates effective attachment of the Fe,O; crystal-
line structures but also serves as useful carbon after annealing under
Ar atmosphere. This annealing process allows the fabrication of
porous, hollow structures with large surface areas, consisting of a
composite between carbon and magnetite, Fe;04. The C/Fe;0, HGs
exhibit enhanced electrocatalytic activity and adsorption efficiency
because of the uniform distribution of efficient active sites on the 3D
hollow nanoarchitecture. These results were achieved by a chemical
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strategy for the design of the hierarchical hollow nanoarchitecture,
providing the advantage of highly ordered nano/micro structures with
hierarchical pores, furnishing maximum and multiple functionalities
for a wide range of emerging applications.
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