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Kinetically controlled formation of uniform FePOg4
shells and their potential for use in high-performance

sodium ion batteries

Shu-Yi Duan’?, Jun-Yu Piao™?, Tian-Qi Zhangl’z, Yong-Gang Sun'2, Xiao-Chan Liu'2, An-Min Cao!??

and Li-Jun Wan!?

Amorphous iron phosphates are potential cathode materials for sodium ion batteries. The amorphous FePO4 matrix is able

to insert/extract sodium ions reversibly without apparent structural degradation, resulting in stable performance during the
charge/discharge process. However, the extremely low electronic conductivity of FePO, itself becomes a formidable obstacle for
its application as a high-performance cathode material. Here, by tuning the growth kinetics of FePO4 in an aqueous solution, we
were able to control its formation onto a large variety of substrates, forming uniform core-shell structures. Specifically, the use of
multiwalled carbon nanotubes as the core material together with the growth control of FePO4 produced the core-shell structure
of MWCNTs@FePO,4 with a delicately controlled shell thicknesses. We confirmed that such a nanocomposite can act as an
effective cathode material by taking advantage of both the highly conductive core and the electrochemically active shell, leading
to improved battery performance as revealed by the high discharge capacity and the greatly improved rate capability. We
anticipate that our progress in FePO4 control offers new potential in different research fields, such as materials chemistry,

catalysis and energy storage devices.

NPG Asia Materials (2017) 9, e414; doi:10.1038/am.2017.136; published online 28 July 2017

INTRODUCTION
Sodium ion batteries (SIBs) are potential candidates for large-scale
energy storage devices owing to their evident advantages, including
low cost, wide availability and environmental friendliness.!”> Owing to
the much larger size of the sodium ion compared with the lithium ion,
the identification of a suitable intercalation electrode material that can
ensure reversible intercalation/extraction of sodium ions without an
apparent volume change or structural degradation has been long
pursued.”® Amorphous iron phosphates have been identified as a
promising cathode material for SIBs in view of their unique properties.
Compared with its crystalline counterpart, the amorphous framework
of FePO, is defect free, can provide more available sites for Na
ions and can exhibit less structural confinement to the reversible
insertion/extraction for Na ions®'! which ensure a much
improved structural stability over long-term cycling. Unfortunately,
iron phosphates themselves are well known for their poor electronic
conductivity,'>! leading to sluggish electron transport during cycling,
which becomes a critical issue in the consideration of FePO, as a
practical cathode material.

For the application of FePOy as a possible cathode material, it is of
great importance that the structure of the electrode material is well
tailored to alleviate the polarization issue. Generally, two different

approaches have been used to facilitate electron transport. Obviously,
the introduction of a highly conductive matrix to form a composite
material becomes a logical and reasonable approach to achieve higher
electron conductivity.'*'® For example, Liu et al'® showed that a
mixture of single-walled carbon nanotubes and FePO, nanoparticles
showed much improved battery performance and high cyclability.
single-walled carbon nanotubes are a highly connected network that
can facilitate the electron transport of embedded FePO, particles.
Meanwhile, the structural control of the FePO, phase itself is effective
for achieving improved kinetics and support FePO, as a possible
electrode material.!>?® For example, Fang et al.® demonstrated that
mesoporous FePO, nanospheres with conductive carbon exhibit a
higher discharge capacity and better cycle stability. It has been
proposed that the mesopores of FePO, are a favorable transport path
for metal ions, leading to faster intercalation kinetics of Na ions for
better battery properties.

The core-shell structure has been known as a very attractive
tool box in material design and functionalization.?!=>> A suitable
combination of two functional materials as the core and the shell
makes it possible to take advantage of the merits of the two
contributing parts to provide an optimized performance.?"** Notably,
a cable-like structure with a coaxial configuration has shown great
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success in addressing the issue of conduction of the surface
material.!#2>2¢ The inner conductive core wire can act as an effective
transport pathway to achieve enhanced electrochemical kinetics in such
a unique nanocomposite, which obviously provides much better
contact between the core and the shell compared with a simple
mixture of these two components. It is therefore anticipated that a
core-sheath structure with FePO, as the outside coating layer can be
beneficial for battery applications when a conductive phase is at the
core. Unfortunately, the controlled deposition of metal phosphates, or
FePOy as discussed in this contribution, onto a preexisting substrate via
a heterogeneous growth method in solution is an ongoing challenge.
The low solubility of FePO, in solution (K, =1.3x107% at 25°C)
results in rapid precipitation and self-nucleation into independent
particles in addition to pre-added seeds, leading to a failure to form
core-shell structures. The atomic layer deposition technique can form
well-defined shells of FePO, by controlling the thin film growth in a
reaction chamber.?”?® Unfortunately, the atomic layer deposition
process is also notorious in terms of its high cost, limited large-scale
production, tedious operation and risky precursor chemistry. Regard-
ing the coating strategy, the layer-by-layer assembly protocol of
immersing seeds into solutions of desired materials has been a
successful practice for anchoring different species.”” However, such
an immersion process is also well known for its shortcomings; the
process is time consuming and it must be carefully operated to produce
a satisfactory coating. Kim et al'® reported a synthetic strategy to
construct the core-shell structure of MWCNTs@FePO,, which required
the alternate immersion of the substrate material into an Fe** solution
and a H,PO, ™ solution several times. FePO, coating layers were able to
grow onto the surface of substrates through this process, but it was
time consuming and difficult to scale up. Therefore, a simple, low-cost
synthetic protocol to construct a uniform FePO, coating is in high
demand to fulfill its potential as a possible electrode material in SIBs.

Herein, we report our progress on the controlled formation of
FePO,-based core-shell structures using a simple and straightforward
synthetic protocol. By tuning the growth kinetics during FePO,
formation, we succeeded in depositing FePO, nanoshells onto a large
variety of substrates, forming uniform core-shell structures with
different cores. We show that the shell thickness of the FePO, layer
can be accurately controlled by tuning the reaction parameters. Using
multiwalled carbon nanotubes (MWCNTSs) as the conducting core,
we prepared cathode materials of MWCNTs@FePO, with a
well-controlled surface shell, which were then used as a model system
to investigate their potential in SIBs. We identified that the core-shell
structured electrode material with a 4-nm FePO, surface shell
delivered the best battery performance, as demonstrated by its high
cycle stability and rate capacity.

EXPERIMENTAL PROCEDURES

Materials

Iron nitrate, nitric acid, disodium hydrogen phosphate and urea were of
analytical purity and purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) SnO, nanoparticles, silicon nanospheres and MWCNTSs were
purchased from Beijing DK Nanotechnology Co., Ltd (Beijing, China). The
MWCNTs were treated with mixed acids to facilitate their dispersion in water,
whereas other nanoparticles were wused as received. Milli-Q water
(resistance>18 MQ) was used for all experiments. All chemicals were used
as received without further purification.

Synthesis
Fe(NO;3)3-9H,0, HNO;, Na,HPO,-12H,0 and CO(NH,), were dissolved in
30.0 ml of distilled water under mechanical magnetic stirring. The pH was
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titrated to 1 to ensure a clear solution. The core material was added to
the solution as a seed and then incubated at 80 °C for 20 h. The obtained
product was separated from the solution by centrifuging at 10 000 r.p.m. for
5 min, washing with water and ethanol, drying at 80 °C for 10 h, and sintering
at 400 °C for 5 h to remove crystal water. By tuning the ratio of the reactants
and core material, core-shell structures with different shell thicknesses were
obtained.

Material characterization

Transmission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) images were recorded on JEOL-2100F and FEI
Tecnai F20 instruments operated at 200 kV. Thermogravimetric tests were
conducted on a DTG-60 instrument at temperatures ranging from room
temperature to 800 °C in an air atmosphere. X-ray diffraction (XRD) data were
collected on a Rigaku D/MAX-2500 instrument with Cu K, radiation at 50 kV
and 250 mA. X-ray photoelectron spectroscopy data were acquired on an
ESCALAB 220i-XL electron spectrometer from VG Scientific using 300 W Al
Ko radiation. The inductively coupled plasma-atomic emission spectroscopy
experiments were conducted on an Shimadzu instrument (ICPE-9000).

Electrochemical measurements

Charge—discharge tests were performed with CR2032 coin cells assembled in an
argon-filled glove box, which consisted of a sodium metal as the counter and
reference electrodes, a cathode as the working electrode, 1M NaClO, in
ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1:1, in wt.%) as
the electrolyte, and a glass fiber membrane (Whatman, Maidstone, UK) as
the separator. The cathode was prepared as a mixed slurry of 60 wt.% active
materials, 20 wt.% Super P carbon black and 20 wt.% polyvinylidene fluoride
(Sigma-Aldrich, St Louis, MO, USA) binder in an n-methyl pyrrolidone
solvent. This mixture was cast onto Al foil (99%, Goodfellow, Cambridge,
UK) and cut into circular electrodes with an area of 1.13 cm? after drying under
vacuum at 80 °C for 10 h. Galvanostatic tests of the assembled cells were
performed using a Land CT2001A battery test system with a voltage window of
1.5-4.2'V at room temperature. Cyclic voltammograms and electrochemical
impedance spectroscopy data were obtained using an Autolab test system.

RESULTS AND DISCUSSION

Briefly, an aqueous solution of 4 mm Fe(NOs); was used as the iron
source, and its pH was adjusted to approximately 1 to prevent direct
precipitation of FePO, upon the addition of 4 mm Na,HPO,. Urea was
selected as the pH controller due to its special ability to gradually
release OH™ when heated at approximately 80 °C. Thus, it became
possible to slowly form the FePO, in a controllable way as a core-shell
structure rather than via rapid precipitation into independent particles.
Polystyrene (PS) nanospheres were used as seeds for the growth of
FePO,. The uniform size and shape of the PS spheres made them a
preferable choice for the observation of the surface layer and for the
systematic evaluation of the coating effect. Figure la shows a
representative TEM image of the freshly prepared PS nanospheres,
which were approximately 500 nm in size and smooth on the surface.
Heating of the solution initialized urea hydrolysis, resulting in an
increase in the pH of the solution and then the precipitation of FePO,.
As shown in Figure 1b, the existence of 100 mg of PS seeds in the
solution led to the formation of a very thin FePO, surface layer,
forming a typical core-shell structure of PS@FePO, with a continuous
and uniform distribution on the outer layer. The HRTEM image
shown in the inset of Figure 1b confirmed that the FePO, nanoshell
was approximately 10nm in thickness. The surface shell was
amorphous in nature with no obvious lattice fringe observed,
as revealed by the HRTEM investigation. The scanning electron
microscopy characterization of the PS spheres before and after
coatings (Supplementary Figures Sla and b) showed that nanospheres
were the only morphology present for these two samples. It was
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Figure 1 TEM images of the freshly produced PS (a) and surface-coated PS (b-d). The thicknesses of the coating layers were 10 nm (b), 20 nm (c),
50 nm (d), which were achieved by changing the amounts of PS seeds and maintaining the concentration of Fe3* and PO43~ precursors. The concentrations
of Fe3* and P0O43~ were 4 mwm, and the amounts of PS were 100 mg for the 10-nm surface coating, 75 mg for the 20-nm surface coating and 45 mg for the

50-nm surface coating. PS, polystyrene; TEM, transmission electron microscopy.

expected that the FePO, would form in the solution as the surface
layer and that no other phase of independent FePO, particles would
exist. The XRD pattern of the collected powder showed no obvious
peaks, revealing that the sample was amorphous in nature, which was
in good agreement with the HRTEM result. Elemental analysis of the
particles was also conducted via scanning TEM. As shown in
Supplementary Figure S2, different elements, including Fe, P and O,
were homogeneously distributed around the PS surface, further
confirming the formation of the PS@FePO, structure.

We found that such a synthetic route could be a very convenient
platform for the control of the core-shell structure. Typically, the shell
thickness of FePO, can be easily tuned by simply changing the
reaction parameters, such as the amount of PS seeds and the reactant
concentrations. Unsurprisingly, a reduction in the amount of PS seeds
as the other conditions remained unchanged in solution produced a
thicker surface layer. As shown in Figure lc, a much thicker FePO,
shell of approximately 20 nm in thickness was confirmed (inset of
Figure 1¢) and was prepared when less PS (75 mg) was introduced as
the substrate for FePO, growth. This trend became even more obvious
when the PS amount was further reduced. Figure 1d shows the
appearance of a much thicker FePO, surface layer that was 50 nm in
thickness when there was 45 mg of PS. Furthermore, we also found
that a change in the reactant concentrations, namely, those of Fe(NO3)
5 and Na,HPOy, were very effective for the control of the core-shell
structures, with no discernible phase separations between PS and
FePOy, as shown in Supplementary Figure S3. The obtained FePO,
shells were amorphous, as shown in Supplementary Figure S4, there
were no obvious peaks in the XRD pattern of PS@FePO, sample.

The removal of the PS core produced pure FePO,. Figure 2a shows
the emergence of hollow nanospheres when the sample was heated to
500°C in an air flow. The elemental mapping (Figures 2b—d) of

randomly picked particles in scanning TEM mode revealed the
uniform distributions of different elements, including Fe, P and O,
respectively, across the wall of the particles. X-ray photoelectron
spectroscopy analysis also identified the existence of these three
elements, as shown in Figures 2e-g. Although the sample
still remained amorphous after heating to 500°C, it could be
transferred into pure crystalline FePOy, if heated to a temperature as
high as 800 °C (HRTEM, electron diffraction pattern and XRD pattern
of crystalline FePO, were in Supplementary Figures S5b—d,
respectively®?). Such a high-temperature treatment sintered the
particles into large microsized particles with irregular shapes
(Supplementary Figure S5a). All these characterizations together
confirmed the formation of amorphous FePO, as a result of the
reaction control, which formed a uniform core-shell structure instead
of a simple mixture of two independent phases.

Our synthetic protocol provides a very flexible platform for the
construction of different core-shell structures via simply changing
the seeds used for further growth. No surface modification of the
core materials was necessary, and the FePO, could be easily deposited
onto a large variety of substrates, including semiconductors, metal
oxides, metal and carbon compounds. Figure 3 shows representative
TEM images of the seeds used, including SnO, particles (Figure 3a),
silicon particles (Figure 3b), gold particles (Figure 3c) and MWCNTs
(Figure 3d). Similar to the observation of PS nanospheres, an
amorphous FePO, surface layer formed around these seeds despite
their obvious differences in size and shape. Typically, as shown in
Figure 3d, we observed the existence of a 12-nm FePO, layer wrapping
around the tubular structure of the MWCNTs. The HRTEM image
in the inset of Figure 3d confirmed the uniformity of the surface shell
on the crystalline carbon substrate. Similarly, it was also possible to
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Figure 2 STEM images (a—e) and XPS characterization (e-g) of FePO4 hollow spheres obtained by sintering at 500 °C for 5 h in air: TEM morphology (a);
elemental mappings of Fe (b), P (c) and O (d); and XPS spectra (e-g) of Fe 2p (e), P 2p (f), and O 1s (g). STEM, scanning transmission electron microscopy;
TEM, transmission electron microscopy; XPS, X-ray photoelectron spectroscopy.

Figure 3 TEM images of the various substrate materials with different thicknesses of iron phosphates nanoshells: SnO,@4 nm FePOy4 (a), Si@4 nm FePO4 (b),

Au@5 nm FePO4 (c) and MWCNTs@12 nm FePOy4 (d). TEM, transmission electron microscopy.

tune the thickness of the FePOy layer via a concerted effort of reaction
control.

For the deposition of FePO, on preexisting substrates in solution,
it was essential to follow a heterogeneous growth route to achieve a
core-shell structure. Otherwise, the homogeneous precipitation of
FePO, itself self-nucleated and then grew into independent particles
aside from the seeds, forming a mixture of two separate phases rather
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than a single phase of core-shell particles. To ensure a favorable
precipitation of the surface coating, we found that the following two
critical conditions must be satisfied: (1) acidic conditions in
the starting solution to prevent the direct precipitation of Fe’* and
PO,>” and (2) the use of urea as a special pH controller during the
reaction to mediate the growth kinetics of FePO, due to its unique
capability to gradually release OH™ upon heating. In our synthesis, we



started the reaction under acidic conditions with the pH value
controlled as low as 1. Otherwise, Fe** and PO,*~ would rapidly
nucleate and precipitate into separate particles due to the low solubility
of iron phosphates (1.3x 10722 at 25°C) as shown in Figure 6d.
Supplementary Figure S6a shows a TEM image of the sample prepared
with no pH control, whereby FePO, formed irregular particles
in addition to the PS cores. Our experiment showed that the use
of urea as an agent for growth control was of equal importance if a
core-shell structure was expected. Compared with precipitants such as
NaOH and NH;-H,0, which caused an immediate increase in the
OH™ concentration and accordingly a fast consumption of H* in
solution (Supplementary Figures S6b and ¢), urea slowly hydrolyzed to
gradually release OH™ during the heating process. Thus, the acidic
conditions of the solution could be slowly changed, leading to
the formation of FePO, in a more controllable way. Such a control
of the growth kinetics made heterogeneous growth possible due to the
successful inhibition of the fast nucleation process, producing only
core-shell-structured precipitates rather than separate particles.

Inspired by the uniform core-shell structure of FePO,-based
materials, we expected that they could be used as potential cathode
materials for SIBs if the conductivity issue could be properly addressed
by using a suitable core material. Accordingly, we selected highly
conductive MWCNTs as the substrate to build a cable-like structure to
ensure good electron conductivity of the composite materials. The
construction of a core-shell structure of MWCNTs@FePO, made it
possible to combine the advantages of both the conductive core and
the active amorphous layer, which is favorable, especially for the use of
cathode materials at high charge/discharge currents or at a high c-rate.
For the amorphous FePO, surface layer, Na ions could diffuse through
the network and insert/extract without apparent volume change
or structural degradation. Meanwhile, the interconnecting MWCNTSs
formed fast electron transport pathways, which facilitated
the electron transport within the FePO, layers. In addition,
the intimate connection between FePO, and the MWCNTs in the
core-shell-structured MWCNTs@FePO, contributed to much better
electrochemical kinetics through the interface. Thus,
MWCNTs@FePO, was anticipated to considerably enhance battery
performance by improving the conductivity of both Na ions and
electrons.

To systematically evaluate the performance of the core-shell
structure, we carried out a series of syntheses to control the structure
of FePO, on the surface. Using the benefits of the convenience of our
synthetic protocol, it became simple and effective for us to delicately
control the uniformity and thickness of the FePO, shells around the
MWCNTs, giving us a good model system for the optimization
of their battery performance. Supplementary Figure S7 shows the
core-shell structures of the MWCNTs@FePO, that we prepared, with
the thickness of the FePOy shell precisely controlled at 4, 6 and 12 nm.
Different kinds of analyses, including thermogravimetric analysis,
inductively coupled plasma-atomic emission spectroscopy, XRD and
Raman spectroscopy, were conducted to characterize these samples.
The thermogravimetric analysis result (shown in Supplementary
Figures S8a—c) provided a rough estimation of the FePO, content in
these shell-controlled samples. The weight percentages of FePO, were
approximately 75.8, 82.7 and 90%, respectively. The inductively
coupled plasma-atomic emission spectroscopy results also show
that the FePO, contents were 75.08, 84.38 and 89.47% for the 4, 6
and 12-nm-coated samples, respectively (Supplementary Table S1).
The XRD pattern of MWCNTs@FePO, (Supplementary Figure S8d)
showed no obvious crystalline peaks, indicating the amorphous nature
of the FePO, surface layer, which was consistent with the TEM images.
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The Raman spectra (Supplementary Figure S9) of a representative
sample that had a 4-nm FePOy shell on the surface exhibited typical
peaks at 1340, 1567 and 2677 cm™ ! which were fingerprint vibrations
originating from the D band, G band and 2D band, respectively, of
carbon.?! The high ratio of the peak area of the D band to the G band
(Ip/Ig=0.99) and the existence of the 2D band both confirmed
that the core material of MWCNTSs had a highly ordered graphene
structure.’? Therefore, a high electron conductivity for the core-shell
structured sample due to the carbon nanotube core as a conductive
cable was expected.

The battery performances of the MWCNTs@FePO,4 samples were
examined for a CR2032 coin cell using sodium as the counter
electrode. First, cyclic voltammetry measurements were used to study
the electrochemical reaction of the MWOCNTs@FePO, samples
(Supplementary Figure S10). As shown in a typical cyclic voltammetry
curve of the MWCNTs@FePO,, there was a pair of redox peaks
located at approximately 2.8 and 2.2V, which could be attributed to
the characteristic redox reactions between Na and FePO,,
respectively.” For the amorphous FePO, cathode, the cyclic voltam-
metry curve showed broad peaks during the reduction and oxidation
process, indicating that the electrochemical insertion/extraction of the
cations proceeded in a large number of successive Na,FePO, phases
without the formation of highly crystalline phases. We also performed
ex situ XRD experiments on the FePO, sample during different states
of the charge/discharge process (shown in Supplementary Figure S11).
In addition to the peaks due to the Al foil, we did not observe any
obvious peaks due to the reduction/oxidation of the cathode materials,
indicating that the FePO, sample remained mostly amorphous during

its interaction with Na*.*}

We, thereafter, tested the battery performance of the
shell-controlled MWOCNTs@FePO, samples to gain a better
understanding of the structure—performance relationship. For

comparison, a sample denoted as FePO,-MWCNTSs was prepared by
simply mixing the solid nanoparticles of FePO, and MWCNTs.
Supplementary Figure S12 shows a TEM image of such a mixture in
which the MWCNTs accounted for 24% in weight percentage,
which was same as that of the MWCNTs@ 4-nm FePO, sample.
The charge/discharge curves of all these four samples are shown in
Figure 4a, and they show smooth slopes with no plateaus in the
voltage range between 1.5 and 4.2 V, indicating a single-phase reaction
route during the sodium ion insertion/extraction in the amorphous
structure of FePO,.!0 Interestingly, the core-shell structured samples
were able to deliver a much higher discharge capacity compared with
the one in form of the FePO,-MWCNT mixture. Notably, the
MWCNTs@ 4-nm FePO, sample showed the highest capacity of
120 mAhg~!, whereas the FePO;-MWCNTs sample could only
produce a capacity of 55 mAh g™~ !. Furthermore, we also observed a
direct relationship between the shell structure and its battery
performance. An increase in the shell thickness proved to be
detrimental to the full realization of the discharge capability of FePO,.
Typically, the sample with the 12-nm FePO, coating layer showed a
performance similar to the FePO,~-MWCNT mixture, which was
much less than the samples with thinner coatings. Generally, to
achieve a higher capacity for the active FePO, value, a much thinner
coating is necessary. We attempted to synthesize a 2-nm FePOy shell
by reducing the amount of Fe** and HPO,?~ for the surface coating
(Supplementary Figure S13). The sample did show an improved
capacity of approximately 160 mAh g~! if the mass of FePO, alone
was considered. However, due to the complex nature of the CNT
surface (including the curved structure and the uncontrolled surface
properties from the acid treatment step), achieving a uniform coating
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Figure 4 Electrochemical characterization of the MWCNTs@FePO, cathode material: galvanostatic charging/discharging profiles operated at 1.5-4.2 V with a
current density of 50 mAg~! (a); electrochemical impedance spectrum (EIS) and its equivalent electric circuit (b); cycling performance performed at a
current density of 50 mAg~1, dots represent the discharge capacity and squares represent the columbic efficiency (c); and rate capability at current

densities of 20, 50, 100, 200 and 500 mAh g=1 (d).

of FePO, when its surface layer was as low as 2nm was hardly
achieved (Supplementary Figure S13a). Therefore, in Figure 4, we only
present the data from samples with uniform coatings for a clear
comparison.

Electrochemical impedance spectroscopy was used to obtain a
better understanding of the structure-related performance. We
recorded the electrochemical impedance spectra for all four samples
mentioned above (Figure 4b), and their Nyquist plots were different
from each other, especially regarding the radius of the semicircle in the
high-to-medium frequency range, which was related to the charge
transfer and surface film resistance (R.) during the cation interfacial
transfer between the electrode material and the electrolyte.'* The
fitting result of the electrochemical impedance spectroscopy test
showed that R, decreased as the FePO, thickness decreased
(Supplementary Table S2). Not surprisingly, an increase in the
thickness of the surface coating layer made the charge transfer on
the interface harder due to the poor electronic conductivity of the
amorphous FePO, shell, which was expected to induce a higher
polarization for thicker layers and produced inferior electrochemical
performance compared with the thinner layers. To further investigate
the kinetics of the Na* transport, the chemical diffusion coefficient of
Na* (Dy,) was calculated from the cyclic voltammetry tests. As shown
in Supplementary Table S3, the thicker FePO, coating hampered the
transport of Na*, and it was critical to maintain the surface shell at a
thin state to facilitate satisfactory mobility for Na™.

The cyclability of the FePO,-based cathodes was tested, and the
results are shown in Figure 4c. The MWCNTs@FePO, samples
showed a very stable performance regarding the discharge capability.
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For the 4-nm FePOy-coated sample, it retained a discharge capacity of
115 mAh g~ ! after 50 cycles at a current of 50 mA g~ !, which was
approximately 96% of its initial capacity, and it showed good
capability for a stable output. Meanwhile, its columbic efficiency was
constant at approximately 100% after the initial stage of electrode
activation during the first cycle. Figure 4d shows the battery
performance of the different samples at different c-rates. Obviously,
the FePO, in the form of a nanoshell on the MWCNTs exhibited a
much improved rate capability compared with the simple mixture of
these two components. Additionally, the MWCNTs@ 4-nm FePO,
was identified as the best sample, with specific capacities of
125mAhg™" at 20mAg~!, 120mAhg™! at 50mAg~}
110 mAhg™! at 100mAg~!, 100mAhg~! at 200mAg~! and
90mAh g~! at 500 mA g~!, indicating promising high-rate perfor-
mance. Meanwhile, the control sample only delivered a discharge
capability of 55 mAhg™! at 20mA g™, 40mAhg™! at 50mA g™},
30mAhg™! at 100mAg~!, 25mAhg™! at 200mAg~!, and
15mAhg™! at 500mA g~!. The contrast between these two types
of samples clearly highlighted the advantage of the core-shell config-
uration. As expected, such a cable-like structure was able to guarantee
an intimate contact between the FePO, and MWCNTs, which allowed
the fast transport of electrons possible to achieve a favorable battery
performance compared with the FePO,-MWCNT mixture.

CONCLUSION

We reported a simple and easy synthetic protocol for the construction
of FePOy-based core-shell structures. By tuning the growth kinetics of
FePO, in an aqueous solution, we were able to coordinate its



precipitation into a heterogeneous growth mode, forming uniform
nanoshells onto a large variety of substrates. We also demonstrated the
possibility of precisely regulating the shell thickness through an
orchestrated effort in reaction control. We applied this synthetic
strategy for the construction of an electrode material using MWCNTSs
as a unique conductive core. We demonstrated that a nanocomposite
of MWCNTs@FePO, was promising for its application as a cathode
material in SIBs due to both the highly conductive core and the
electrochemically active shell, which exhibited a high discharge
capacity and a much improved rate capability. We anticipate that
our progress in FePO, control will offer new potential in different
research fields, such as materials chemistry, catalysis and energy
storage devices.
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