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ABSTRACT: Transition-metal telluride materials are studied as the anode
materials for Na-ion batteries (NIBs). The FeTe,—reduced graphene oxide
(rGO) hybrid powders (first target material) are prepared via spray pyrolysis and
subsequent tellurization. The H,Te gas treatment transforms the Fe;O,—rGO
powders to FeTe,—rGO hybrid powders with FeTe, nanocrystals (various sizes
<100 nm) embedded within the rGO. The FeTe,—rGO hybrid powders contain
S wt % rGO. The Na-ion storage mechanism for FeTe, in NIBs is described by
FeTe, + 4Na* + 4e”<Fe + 2Na,Te. The FeTe,—rGO hybrid discharge process
forms metallic Fe nanocrystals and Na,Te by a conversion reaction of FeTe, with
Na ions. The discharge capacities of the FeTe,—rGO hybrid powders for the first
and 80th cycles are 493 and 293 mA h g™, respectively. The discharge capacities
of the bare FeTe, powders for the first and 80th cycles are 462 and 83 mA h g™',
respectively. The FeTe,—rGO hybrid powders have superior Na-ion storage
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properties compared to bare FeTe, powders owing to their high structural stability and electrical conductivity.
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B INTRODUCTION

Na-ion batteries (NIBs) have received significant attention as a
feasible alternative for energy storage due to the lower cost of
NIBs than Li-ion batteries and the higher natural abundance of
Na than Li.' > However, the larger Na* ionic radius (1.02 A for
Na* vs 0.76 A for Li*) and molar mass (22.99 g mol™ for Na vs
6.94 g mol™! for Li) leads to slow sodium ion diffusion kinetics,
high structural damage during cycling, and strong coordination
in the host lattices.””” These results create critical obstacles for
NIBs, such as a low specific capacity, low rate capability, and a
short cycling life.

The issues related to the composition of the host materials in
NIBs and their hybridization with carbon materials have been
studied to overcome these potential problems.”””~"" Tran-
sition-metal chalcogenide materials have been also studied for
NIBs.'*™"” Among the transition-metal chalcogenide materials,
iron chalcogenide (Fe,Y; Y = S and Se) has attracted
considerable attention because of the abundant reserves of Fe
and its wide range of compositions and phases."’~* Kim et al.
employed natural pyrite (FeS,, Chile) in NIBs; it showed a high
discharge capacity of 630 mA h g™' at 50 mA g™', but the
capacity decreased continuously to 85 mA h g™' after SO
cycles.”" Zhang et al. demonstrated the use of FeSe, as an
anode material for NIBs by preparing FeSe, microspheres
assembled by nanooctahedra via a simple hydrothermal
method."” FeSe, microspheres exhibited long-term cyclic
stability and an excellent high-rate performance.’” Park et al.
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prepared FeSe,—reduced graphene oxide (rGO) composite
powders exhibiting high capacities by applying a nanoscale
Kirkendall diffusion process.”” However, to the best of our
knowledge, transition-metal telluride materials, including iron
telluride (FeTe,), have not been studied as materials for NIBs.

The heavy FeTe, compound could have less change in
volume during the cycling and a high volumetric capacity due
to its high density (8.06 g em™).2°7*% An ideal battery would
have a high density, small volume, and long cycling life. It
would also be low-cost and environmentally friendly. Tellurium
is an element that is chemically related to selenium and sulfur.
Therefore, it is worth confirming the possibility of the
application of FeTe, as an anode material in NIBs.

Transition-metal telluride materials were studied for the first
time as a possible candidate for the anode material of NIBs.
rGO is considered as the efficient support for transition-metal
compounds.””~** Herein, FeTe,—rGO hybrid powders selected
as the first target material were prepared by a spray pyrolysis
process and subsequent tellurization treatment. The Na-ion
storage performances of the FeTe,—rGO hybrid powders for
Na-ion storage were compared with those of the bare FeTe,
powders.
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B EXPERIMENTAL SECTION

The FeTe,—rGO hybrid and bare FeTe, powders were prepared by a
two-step process. The one-step tellurization process of the Fe;O,—
rGO hybrid and bare Fe,O; powders produced the FeTe,—rGO
hybrid and bare FeTe, powders, respectively. The Fe;O,—rGO
powders were prepared by spray pyrolysis from the iron nitrate
nonahydrate (Fe(NO;);-9H,0, Sigma-Aldrich, 98%) spray solution
with graphene oxide (GO) nanosheets (Figure S1). The formation
procedure of colloidal GO solution was described in our previous
reports.*** In the spray pyrolysis process, the reactor temperature and
flow rate of the Ar gas were 600 °C and 8 L min~', respectively. After
the spray pyrolysis process, a tellurization process was performed at
400 °C for 12 h under a 10% H,/Ar gas with tellurium metal powders
(Te; Sigma-Aldrich, 99.8%). The precursor powders for the bare
Fe,0; powders were prepared by a spray drying process from the
spray solution of iron nitrate nonahydrate and sucrose (C;,H,,0;;,
Junsei; shown in Figure S2). The Fe,O; powders without carbon were
produced by post-treatment of the spray-dried powders at 500 °C
under an air atmosphere. The tellurization process of the Fe,O;
powders at 450 °C produced the bare FeTe, powders. Detailed
characterization method and electrochemical measurements procedure
are described in the Supporting Information.

B RESULTS AND DISCUSSION

The formation scheme of the FeTe,—rGO hybrid powder is
shown in Figure 1. The Fe;O,—rGO hybrid precursor powder
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Figure 1. Formation scheme of the FeTe,-decorated rGO hybrid
powders formed by tellurization of Fe;O,-decorated rGO hybrid
powders: @ Fe nitrate—GO droplet, @ Fe nitrate—GO powder, ®
Fe;0,—rGO composite powder, and @ FeTe,—rGO composite
powder.

was prepared by spray pyrolysis process from a colloidal
solution of iron nitrate and GO nanosheets (Figure 10—0).
GO nanosheets minimized the phase segregation of iron nitrate
during the droplet drying process (Figure 1®). In addition,
rGO nanosheets formed by the thermal reduction of GO
nanosheets minimized the growth of the Fe;O, nanocrystals
(formed by decomposition of iron nitrate under an Ar
atmosphere; see Figure 1®). Therefore, Fe;O, nanocrystals
were well-distributed within the crumpled rGO matrix in the
Fe;0,—rGO hybrid powder (Figure 1®). The one-step post-
treatment under H,Te gas (formed from Te powder via a
reaction with H, gas, Te (s) + H, (g)—>H,Te (g)) transformed
the Fe;0,—rGO into the FeTe,—rGO hybrid powder with a

similar morphology by Fe;0, (s) + 6H,Te (g) — 3FeTe, (s) +
4H,0 (g) + 2H, (g) (Figure 1®).

The characteristics of the precursor Fe;O,—rGO hybrid
powder prepared by a spray pyrolysis at 600 °C are shown in
Figure S3. The hybrid powders had a crumpled structure and
there was minimal aggregation between the powders (Figure
S3a). The ultrafine Fe;O, nanocrystals with the mean size of 4
nm are uniformly embedded within the rGO matrix as shown
by transmission electron microscopy (TEM) images. The high-
resolution (HR) TEM image shown in Figure S3e showed clear
lattice fringes separated by 0.25 nm corresponding to the (113)
crystal plane of Fe;O,. The Ar atmosphere in the spray
pyrolysis process formed oxygen-deficient Fe;O, nanocrystals,
as confirmed by XRD pattern in Figure S3b. The morphology
of the FeTe,—rGO hybrid powder formed by the tellurization
process of the Fe;O,—rGO precursor powder is shown in
Figure 2. The scanning electron microscopy (SEM) image

Figure 2. Morphologies, SAED pattern, and elemental mapping
images of the FeTe,-decorated rGO hybrid powders: (a) SEM image,
(b, ¢) TEM images, (d, e) HR-TEM images, (f) SAED pattern, and
(g) elemental mapping images.

shown in Figure 2a revealed the spherical shape and crumpled
structure of the nonaggregated FeTe,—rGO hybrid powders
(mean size of 1.0 um). The FeTe, nanocrystals (various sizes
<100 nm) were uniformly embedded within the rGO matrix, as
shown by the TEM images in Figure 2b,c. The ultrafine Fe;0,
nanocrystals embedded within the Fe;O0,—rGO hybrid powder
transformed into the FeTe, crystals with various sizes during
the 12 h tellurization process at 400 °C. The HR-TEM images
shown in Figure 2d,e showed clear lattice fringes of the (120)
and (111) crystal planes for orthorhombic FeTe, and (001)
crystal plane of the rGO phase. The selected area electron
diffraction (SAED) and X-ray diffraction (XRD) patterns
shown in Figure 2f and Figure 3a, respectively, confirmed the
formation of the FeTe,—rGO hybrid powder with a pure FeTe,
crystal structure. The elemental mapping images shown in
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Figure 3. (a) XRD pattern, (b) Raman spectrum, and (c) XPS spectra
of the FeTe,-decorated rGO hybrid powders. (d) N, adsorption and
desorption isotherms of the FeTe,-decorated rGO hybrid powders and
bare FeTe, powders. (e) BJH adsorption pore size distribution of the
FeTe,-decorated rGO hybrid powders.

Figure 2g revealed the uniform distribution of the FeTe,
nanocrystals on the FeTe,—rGO hybrid powder.

The Raman spectrum of the FeTe,—rGO hybrid powder
(Figure 3b) exhibited two characteristic main peaks of
graphene: the D band at 1340 cm™" and the G band at 1580

em 1% The ratio of the peak intensity between the D and G
bands of the FeTe,—rGO hybrid powder was ~0.91, indicating
that defects or edge areas of the rGO formed during the spray
pyrolysis and long-term tellurization processes. The X-ray
photoelectron spectroscopy (XPS) spectra of the FeTe,—rGO
hybrid powders are shown in Figure 3c. The main peaks of the
FeTe,—rGO hybrid powder (Fe 2p spectrum) occurred at
binding energies of 711 eV for Fe 2p;,, and 724 eV for Fe
2p1» these are characteristic of FeTe, phase.”” In the Te 3d
spectrum, the peaks at $72.6 and 582.9 eV correspond to Te
3ds), and Te 3d;,, respectively, which originate from the FeTe,
phase.’” Along with these, two peaks were additionally
observed at 576.0 and 586.3 eV attributed to Te(IV) oxide
due to the long exposure of the powders to an air
atmosphere.”” The C 1s spectrum revealed peaks correspond-
ing to C—C, C—0, and C=0 bonds at 284.2, 286.4, and 288.1
eV, respectively.”® The strong C—C bond peak indicated the
thermal reduction of the GO nanosheets to rGO nanosheets
during the preparation process. The N, adsorption and
desorption isotherms of the FeTe,—rGO hybrid powders
(Figure 3d) had a clear hysteresis loop that resembled the type-
H1 isotherm classification.”” This revealed the presence of
mesopores within the FeTe,—rGO hybrid powders. The
Barrett—Joyner—Halenda (BJH) pore size distribution derived
from the adsorption branch of the isotherm confirmed the well-

developed mesopores in the FeTe,—rGO hybrid powders with
a pore size of ~3.5 nm (Figure 3e). The thermogravimetric
(TG) curve of the FeTe,—rGO hybrid powders (Figure S4)
revealed a gradual weight increase at temperatures between 150
and 390 °C due to the oxidation reaction of FeTe, with oxygen
to form Fe,O; and TeO,. The weight loss from the
decomposition of rGO was diminished by the oxidation
reaction of FeTe, The FeTe,—rGO hybrid powders were
estimated to contain ~5 wt % rGO from the TG analysis and
elemental analysis (EA) in Figure S4 and Table S1.

An identical process was applied to prepare the bare FeTe,
powders as for the FeTe,—rGO hybrid powders. The spray
drying of the iron nitrate aqueous solution produced an
aggregated and nonspherical product due to the high
hygroscopicity of iron nitrate. Therefore, the spray-drying
process successfully prepared a composite powder of iron
nitrate and sucrose with a spherical shape (Figure SSa). The
post-treatment of the spray-dried product produced the yolk—
shell structured Fe,O; powders by the formation mechanism
described in our previous articles.*”*' The bare Fe,O, powders
had a clear core@void@shell configuration (Figure SSb). The
tellurization of the Fe,O; powders produced the phase-pure
FeTe, powders with a spherical shape and filled structure, as
shown in Figure SSc. The mean size of the bare FeTe, powders
was 2.4 um, as measured from the SEM image.

The cyclic voltammograms (CVs) of the FeTe,—rGO hybrid
powders are shown in Figure 4a. The sharp peak located at 0.8
V was observed in the first cathodic scan of the FeTe,—rGO
hybrid powders. The Na-ion storage of the FeTe, materials
occurred by a conversion reaction, similar to that for transition-
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Figure 4. (a) Cyclic voltammogram curves of the FeTe,-decorated
rGO hybrid powders at a scan rate of 0.07 mV s™), (b) initial
discharge—charge profiles of the FeTe,-decorated rGO hybrid
powders and bare FeTe, powders in the voltage range of 0.01-3.0
V, (c) ex situ XRD patterns of the reaction products after first fully
discharged and charged process, and (d) corresponding HR-TEM
images and SAED patterns.
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metal sulfide and selenide materials.'”*"*> Therefore, the
distinct reduction peak located at ~1.35 V was attributed to the
formation of metallic Fe nanocrystals and Na,Te by a
conversion reaction of FeTe, with Na ions. A distinct oxidation
peak (1.73 V) was observed in the anodic scans, which was
attributed to the formation of FeTe,. The peak location of the
cathodic scans shifted to a higher potential after first cycle due
to the formation of FeTe, with ultrafine nanocrystals.”>** The
initial discharge and charge profiles of the FeTe,—rGO hybrid
and bare FeTe, powders at a current density of 0.2 A g™' are
shown in Figure 4b. The two samples had similarly shaped
discharge and charge curves. The long plateaus at 0.93 and 1.68
V were observed in their first discharge and charge process,
respectively. The initial discharge capacities of the FeTe,—rGO
hybrid and bare FeTe, powders were 493 and 462 mA h g7/,
respectively; their corresponding initial charge capacities were
373 and 384 mA h g, respectively. The FeTe,—rGO hybrid
powders had a slightly lower initial Coulombic efficiency than
the bare FeTe, powders (76% and 83%, respectively) due to
the high initial irreversible capacity loss of rGO for Na-ion
storage.

The electrochemical reaction mechanism of FeTe, with the
sodium ions was analyzed by ex situ XRD, SAED patterns, and
corresponding HR-TEM using the cell after the fully discharged
and charged states at 0.05 and 3.0 V, respectively. Figure 4c
shows the ex situ XRD patterns of the FeTe,—rGO hybrid
powder electrode at the fully discharged and charged states.
After a full discharge (0.05 V), the peaks of the Na,Te and Fe
phases were observed with the conductive carbon (carbon
black). The peaks of the FeTe, phase were confirmed at the
fully charged state (3.0 V). The SAED patterns shown in Figure
4d also confirmed the conversion reaction process. When
discharged to 0.05 V, the rings were indexed to the metallic Fe
and Na,Te phases. The rings of the FeTe, phase were observed
after a full charge at 3.0 V (Figure 4d). The HR-TEM images of
the fully discharged and charged FeTe,—rGO hybrid powder
electrode were also consistent with these above results. At a
discharge of 0.05 V, the lattice fringe with a 0.208 nm d-space
was indexed to the (110) plane of Fe. The interplanar spacings
of 0.259 and 0.168 nm correspond to the (220) and (331)
planes of Na,Te, respectively. When charged to 3.0 V, the
(111) planes with a 0.280 nm d-space of FeTe, was observed.
These provided the electrochemical reaction mechanism of
FeTe, for Na-ion storage, as outlined in Equations 1 and (2).

Discharge process:

FeTe, + 4Na™ + 4e” — Fe + 2Na,Te (1)
Charge process:
Fe + 2Na,Te — FeTe, + 4Na™ + 4e” (2)

The capacities of the FeTe,—rGO hybrid powders were
maintained during the first 40 cycles at a current density of 0.2
A ¢! and then slightly decreased during the next 40 cycles in
Figure 5a. The capacities of the bare FeTe, powders dropped
significantly after the first 20 cycles. The discharge capacities of
the FeTe,-decorated rGO hybrid powders for the first and 80th
cycles were 493 and 293 mA h g~!, respectively, and their
corresponding volumetric capacities were 3974 and 2362 mA h
cm™>, respectively. The capacity retentions of the FeTe,—rGO
hybrid and bare FeTe, powders measured from the second
cycle were 69 and 20%, respectively. Partial structural
destruction of the FeTe,—rGO hybrid powders during the
first 20 cycles resulted in the low Coulombic efficiencies below
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Figure 5. (a) Cycling performances at a current density of 0.2 A g™
and (b) rate performances (from 0.1 to 3.0 A g™') of the FeTe,-
decorated rGO hybrid powders and bare FeTe, powders.

95%. However, the FeTe,—rGO hybrid powders induced high
Coulombic efliciencies above 98% from the 20th cycle onward.
The rate performances of the two samples are shown in Figure
Sb. The FeTe,—rGO hybrid powders showed better rate
performance than that of the bare FeTe, powders. The FeTe,—
rGO hybrid had final discharge capacities of 421, 384, 362, 321,
and 257 mA h g_1 at current densities of 0.1, 0.5, 1.0, 2.0, and
3.0 A g7, respectively.

The superior Na-ion storage performance of the FeTe,—rGO
hybrid powders was investigated by electrochemical impedance
spectroscopy (EIS) and compared to that of the bare FeTe,
powders. The Nyquist plots of the FeTe, cells before and after
1, 5, 50, and 80 cycles were obtained by deconvolution with a
Randle-type equivalent circuit model (Figure S6), as shown in
Figure 6."%" The FeTe,—rGO hybrid powders with high
electrical conductivity due to rGO had lower R, value of 342 Q
than that of 494 Q for bare FeTe, powders, as shown in Figure
6a.** Figure 6b shows the relationship between Z,, and
@™"% in the low-frequency (f) region, where @ is the angular
frequency (@ = 27f). The less steep slope at the low frequency
indicated higher sodium ion diffusivity in the FeTe,—rGO
hybrid powders.”” The ultrafine FeTe, nanocrystals provided
high sodium ion diffusivity in the FeTe,—rGO hybrid powders.
The charge-transfer resistances of the FeTe,—rGO hybrid
powders before cycling and at 1, S, 50, and 80 cycles (shown in
Figure 6a,c) were 342, 59, 38, 39, and 41 Q, respectively. The
formation of ultrafine FeTe, nanocrystals during the first cycle
distinctly decreased the charge-transfer resistance. In addition,
the further decrease of the R, during further four cycles was
attributed to the gradual activation of the FeTe,—rGO hybrid
powders. The R, values of the bare FeTe, powders before
cycling and at 1, 5, 50, and 80 cycles shown in Figure 6a,d were
494, 119, 78, 124, and 221 L, respectively. The R values of the
bare FeTe, powders increased significantly after five cycles due
to the structural destruction during repeated sodium ion
insertion and desertion processes.

The morphological changes of the two samples obtained
after 80 cycles are shown in Figure 7. The spherical bare FeTe,
powder was broken into several pieces after cycling (Figure 7a).
However, the overall morphology of the FeTe,—rGO hybrid
powders was maintained after cycling (Figure 7b). In Figure
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Figure 6. (a, ¢, d) Nyquist impedance plots and (b) relationships between the real part of the impedance (Z,,) and @™'/? of the FeTe,-decorated
rGO hybrid powders and bare FeTe, powders before and after cycling.

The sodium-ion storage performances of the FeTe,-
decorated rGO hybrid powders were compared to those of
the metal chalcogenide materials reported in the literature, and
the results were summarized in Table S2. Some of metal
chalcogenide materials reported in the literature had higher
capacities than that of the FeTe,-decorated rGO hybrid
powders. In this study, transition-metal telluride material was
first studied as a possible electrode material of NIBs. In
addition, the electrochemical reaction mechanism of FeTe, for
Na-ion storage was studied. However, the optimization of the
rGO content as well as the preparation conditions should be
performed to enhance the sodium-ion storage performances of
the FeTe,-decorated rGO hybrid powders.

B CONCLUSIONS

FeTe,—rGO hybrid powders with a spherical-like shape and
fine size were studied as anode materials for NIBs. The one-pot
tellurization process of the spray pyrolysis product led to
FeTe,—rGO hybrid powders with good Na-ion storage. The
Na-ion storage of the FeTe, material occurred by a conversion
reaction. The FeTe,—rGO hybrid powders with porous
Figure 7. TEM images of (a) bare FeTe, powders and (b—d) FeTe,- structures and high electrical conductivity showed superior
decorated rGO hybrid powders after 80 cycles. Na-ion storage performances than those of the bare FeTe,
powders. The simple process introduced in this study could be
applied to the preparation of transition-metal telluride—rGO

7¢,d, several FeTe, nanoparticles surrounded by rGO remained hybrid powders with various compositions and various rGO
after cycling, indicating that the aggregation and growth of contents for wide applications, including energy storage,
FeTe, particles were effectively avoided. An HR-TEM image hydrogen evolution reactions, and oxygen reduction reactions.

(Figure 7d) showed that most primary nanoparticles had lattice

spacings of 0.27 and 0.28 nm, corresponding to the (120) and B ASSOCIATED CONTENT
(111) planes of the FeTe, phase, respectively. This result was

consistent with the CV result indicating that sodium storage © Supporting Information

was highly reversible for the nanocomposites because Fe could The Supporting Information is available free of charge on the

be effectively oxidized to FeTe,. ACS Publications website at DOI: 10.1021/acsami.6b05758.
21347 DOI: 10.1021/acsami.6b05758
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Characterization method of the materials, detailed
electrochemical measurements, schematic diagram of
the spray pyrolysis and pilot-scale spray drying system
applied in the study, SEM images and XRD patterns of
the Fe;O,-decorated rGO hybrid powders, TG,
elemental analysis of the FeTe,-decorated rGO hybrid
powders, SEM images and XRD patterns of the bare
FeTe, powders, Randle-type equivalent circuit model
used for alternating current impedance fitting, CV curves
of the bare FeTe, powders. (PDF)
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