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Abstract: Cobalt telluride (CoTe,) is considered an advanced anode material for sodium-ion
batteries (SIBs) because of its high theoretical capacity and high conductivity. Nevertheless,
the ionic radius of the Co%* ion (0.74 A) is smaller than that of the Na* ion, meaning the
integrity of CoTe; electrodes can be easily damaged when Na™ ions diffuse into CoTe; and
convert to large NayTe. Herein, we propose a doping strategy by introducing an unreactive
element but with a large radius to enhance the overall performance. Lanthanum (La) can
be doped into the CoTe; structure to counteract the size effect of Na,Te since La has a large
radius. On the other hand, La with abundant electrons in CoTe; can also facilitate the charge
transfer during charge/discharge. As a result, La-doped CoTe; (La-CoTe;) can deliver a
maximum capacity of 345 mAh g1 at 0.05 A g~! and has a decent rate performance. After
2000 cycles at2 A g1, a capacity of 8 mAh g~! remained, which is a notable improvement
compared to undoped CoTe,. These results demonstrate the potential of rare earth elements
in preparing advanced SIB electrode materials.

Keywords: sodium-ion battery; metal telluride; anode; rare earth element

1. Introduction

Sodium-ion batteries (SIBs) are a promising energy storage technology in the post-
lithium era because of their high material reservoir and low cost [1,2]. Most importantly,
SIBs share a similar energy storage mechanism with lithium-ion batteries (LIBs), which
sheds light on the choice of material for sodium-ion storage. Li* and Na* ions are very
alike, with both having the same outermost electron number [3,4]. The Na* ion is a little bit
larger than the Li* ion in size (ionic radius 1.07 A vs. 0.76 A). However, such an ionic radius
increase severely restricts sodium-ion storage in traditional graphite anodes and leads to a
low specific capacity of 31 mAh g~! [5,6]. In addition, a high reduction potential and slow
kinetics can be triggered by the larger ionic radius of the Na* ion. Thus, the design and
preparation of advanced anode materials are essential for high-performance SIBs.

Metal tellurides have emerged as potential SIB anodes due to the merits of tel-
lurium (Te) [7-10]. Because of the metallic nature of the Te-Te bond, Te exhibits higher
electric conductivity (2 x 10> S m~!) than selenium (Se, 1 x 10~* S m~!) and sulfur
(S, 5% 1071Sm™1). The large atomic radius and low electronegativity of Te enable
facile breaks of metal-Te bonding, thus providing high electron and ion mobility. CoTe;
has drawn much attention because of its large lattice parameters and negligible band
gap [11-14]. Nevertheless, the performance stability of CoTe, anodes is highly compro-
mised by the drastic volume expansion during charge/discharge cycles, leading to a rapidly
declining capacity and limited endurance.
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To store Na*t ions, CoTe, converts to metallic Co and Te, which further converts
to NayTe and induces volume expansion. Efforts have been devoted to alleviating this
situation, such as compositing CoTe, with confinement materials and morphology engineer-
ing [15,16]. The element doping method is considered an efficient strategy for regulating
electrochemical performance as well [17,18]. The ionic radius of the Co?* ion (0.74 A)is
smaller than that of the Na* ion, meaning the integrity of CoTe; electrodes can be easily
damaged when Na™ ions diffuse into CoTe; and convert to large NayTe. Therefore, in-
troducing an element of a large size may strengthen CoTe, electrodes by counteracting
the size effect of NayTe. On the other hand, the doping element boosts the redox activity
of CoTe; by providing sufficient electrons and facilitating charge transfer. Under such
circumstances, rare earth elements with a large radius and abundant electrons are quite
attractive as doping elements to enhance the performance of CoTe, anodes [19,20]. To the
best of our knowledge, no investigation of rare earth element-doped metal tellurides as SIB
anodes has been reported.

Herein, lanthanum-doped cobalt ditelluride (La-CoTey) is synthesized by tellurizing a
Co-based metal-organic framework precursor with different La:Co ratios (1:10 and 2:9). La-
CoTe; (1:10) exhibits the best electrochemical performance of the three samples. Specifically,
CoTe; (1:10) can deliver a high specific capacity of 345 mAh g~! at 0.05 A g~! and a decent
rate performance (53 mAh g~! at 5 A g~!). Compared to pure CoTe;, the cycling stability
is notably enhanced by the introduction of La. After 2000 cycles at 2 A g~!, a capacity of
88 mAh g~! remains. The X-ray diffraction (XRD) indicates that the crystal structure of
CoTe; is preserved, but reactivity and charge transfer are notably improved because of the
abundant electrons of La, as evidenced by electrochemical impedance spectroscopy (EIS)
analysis. Our work demonstrates the positive contribution of La®* to the Na* ion storage
ability of metal tellurides and inspires more investigations in the rare earth field.

2. Experimental Section

Material synthesis: For ZIF-67, 249 mg 2-methylimidazole (analytical reagent (AR),
Aladdin Reagent (Shanghai) Co., Ltd., Shanghai, China) and 328 mg Co(NOs3), (analytical
reagent (AR), >99.0%, Aladdin Reagent (Shanghai) Co., Ltd.) were dissolved in 25 mL
methanol. The two solutions were mixed under stirring to obtain a purple solution. After
24 h of precipitation, a purple solid was obtained by centrifuging the mixed solution, which
was further washed and dried in a 60-degree oven overnight. For La-ZIF-67, La(NOs)3
(analytical reagent (AR), >99.0%, Aladdin Reagent (Shanghai) Co., Ltd.) and Co(NO3),
with different mole ratios (1:10 (78 mg La(NO3)3 and 328 mg Co(NOs3),) and 2:9 (173 mg
La(NOs3)s and 328 mg Co(NOs),)) were dissolved in 25 mL methanol; the rest of the
synthesis process was the same as that for preparing ZIF-67.

For CoTe;, La-CoTe, (1:10) and La-CoTe;, (2:9), ZIF-67 (La-ZIF-67) and tellurium
powder (Te, analytical reagent (AR), >99.0%, Aladdin Reagent (Shanghai) Co., Ltd.) were
placed into a tube furnace. The mass ratio of ZIF-67 precursor (100 mg) to Te powder
(400 mg) was 1:4. The tube furnace was heated to 600 °C with a heating rate of 5 °C under
N, atmosphere for 4 h.

Physical characterization: The X-ray diffraction analysis of CoTep, La-CoTe; (1:10) and
La-CoTe; (2:9) was carried out using a Bruker D8 powder diffractometer with a LynxEye
XE-T detector. Scanning electron microscopy and transmission electron microscopy were
conducted using a Hitachi SU8000 scanning electron microscope and JEM ARM 13008,
respectively. X-ray photoelectron spectroscopy and the measurement of N2 isotherms were
conducted using the Thermo ESCALAB 250Xi instrument and auto JW-BK132F instrument
from JWGB SCI. & TECH instruments.
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Electrochemical characterization: The electrochemical performance was assessed in
CR2032-type coin cells, in which CoTe,, La-CoTe; (1:10) and La-CoTe; (2:9) served as
working electrodes, while a sodium metal plate and a glass fiber membrane acted as the
counter electrode and separator. Here, 1 M NaClO4 (12.2 mg, analytical reagent (AR),
Aladdin Reagent (Shanghai) Co., Ltd.) was dissolved in an ethylene carbonate/diethyl
carbonate (EC:DEC = 1:1 Vol%) solution (10 mL) as the electrolyte. To prepare the working
electrode, CoTe; (La-CoTey), super P and CMC-Na were mixed in distilled water in the mass
ratio of 8:1:1 (80 mg:10 mg:10 mg). They were stirred for 10 h to obtain a homogeneous
slurry, which was coated onto a copper foil current collector. After being placed in a
vacuum oven at 60 °C overnight, the working electrode was prepared. The average mass
loading was ~1 mg cm~2. The NEWARE testing system was utilized for charge/discharge
profiles under the voltage range of 0.01-3.0 V. A cyclic voltammogram (CV) test and
an electrochemical impedance spectroscopy (EIS) test were carried out using a CHI660
electrochemistry workstation.

3. Results and Discussion

La-CoTe; polyhedrons were prepared by sacrificing the ZIF-67 precursor, as illustrated
in Figure 1A. ZIF-67 is a polyhedral metal-organic framework containing Co?* and organic
linkers. We chose ZIF-67 as the precursor not only because of its morphology, but also
because of its tunable chemical composition, allowing for an easy introduction of La
into the precursor. La-ZIF-67 precursors were prepared by a coprecipitation method in
MeOH solution containing 2-methylimidazole, La and Co nitrates. Then, the La-ZIF-67
precursor and tellurium powder were placed in a 500 °C tube furnace in a N, atmosphere
for tellurization, after which La-CoTe, was obtained. Figure 1B shows the scanning electron
microscopy (SEM) image of La-ZIF-67 with a polyhedron morphology. The size of La-ZIF-
67 is about 600~800 nm. After tellurization, the purple La-ZIF-67 turned black and the
polyhedron morphology become porous, as shown in Figure 1C. Transmission electron
microscopy (TEM) confirmed the porosity after tellurization (Figure 1D). The element
distribution in La-CoTe; was analyzed by energy-dispersive spectroscopy (EDS) mapping,
from which it could be seen that Co, Te and La were evenly distributed in the sample
(Figure 1E).

Figure 2A displays the high-resolution transmission electron microscopy (HRTEM) im-
age of La-CoTe; (2:9). The irregular light regions represent the pore structures in La-CoTe;.
The lattice fringe was calculated as 0.174 nm, corresponding to dy11-spacing. Figure 2B
exhibits the X-ray diffraction (XRD) patterns of pure CoTe,, La-CoTe; (1:10) and La-CoTep
(2:9). From the tellurization of the pure ZIF-67, the peaks at 31.9°, 43.4° and 46.5° can be
indexed to the (111), (211) and (002) planes (PDF card No.89-2091), indicating the successful
synthesis of CoTe,. Figure S1 shows the XRD pattern of ZIF-67 observed in Figure 2B,
indicating the removal of ZIF-67. The lattice parameters a, b and c of CoTe; are 5.327, 6.322
and 3.900 A, respectively. After La introduction, the main peaks are well preserved, while
the crystallinity of La-CoTe, (1:10) is reduced, as suggested by the decreased peak intensity.
The crystallinity is further reduced as the ratio of La:Co increases to 2:9. This is due to the
long-range-ordered structure of CoTe; being compromised by the La element with a large
size. In addition, the size effects of the La element on the surface area and pore structure
were investigated by nitrogen adsorption/desorption. The Brunauer-Emmett-Teller (BET)
surface area of pure CoTe, was calculated to be 90.928 m? g~! (Figure 2C). After La intro-
duction, the BET surface area decreased to 34.296 m? g~ ! (Figure 2D). Accordingly, the
pore width and volume were reduced as well because of the large space occupation of the
La atoms (Figure 2E).
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Figure 1. Schematic illustration of La-CoTe; synthesis and characterization. (A) Preparation process
of La-CoTe;. (B,C) SEM images of ZIF precursor and La-CoTe,. (D) TEM image of La-CoTe;,. (E) EDS
element mapping of La-CoTe,.
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Figure 2. Physical characterization. (A) HRTEM image of La-CoTe, (1:10). (B) XRD patterns of CoTep,
La-CoTe; (1:10) and La-CoTe; (2:9). (C,D) Ny isotherms of La-CoTe; (1:10) and pure CoTe;. (E) Pore
width comparison of La-CoTe; (1:10) and pure CoTe;.

To examine the chemical surface state of La-CoTe;, X-ray photoelectron spectroscopy
(XPS) measurement was conducted (Figure 3A). C and N elements were detected in La-
CoTe; because the organic linker (2-methylimidazole) contains carbon and nitrogen. The
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La 3d spectrum is shown in Figure 3B; the typical peaks of La 3d indicate that the valence of
La is +3 [21,22]. Figure S2 shows the Co 2p XPS spectrum of pure CoTey, and the two peaks
located at 797.4 and 780.2 eV correspond to the Co 2p;,, and Co 2p;3,, of CoTey, which is
indicative that the valence of Co species is +2 [12]. After La introduction, the Co 2p; /, and
Co 2p3,;, peaks of La-CoTe; are centered at 797.2 and 780.3 eV, implying that the electron
structure of Co species is not affected by La®* (Figure 3C). Figure 3D reveals that Te 3ds,
and Te 3d3,, are located around 572.3 and 582.6 eV, quite similar to the undoped CoTe;
sample (Figure S3). In addition, Co-Te-O and La-Te-O bonds were also detected. This is
because the Te element of La-CoTe; can be easily oxidized by oxygen in the air [23].

A B La 3d

aae La 3d,,

La 3('\ Co2p / La 3dg,
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Figure 3. XPS analysis of La-CoTe,. (A) Survey spectrum of La-CoTe,. (B) La 3d XPS spectrum.
(C) Co 2p XPS spectrum of La-CoTe,. (D) Te 3d XPS spectrum.

The electrochemical performance of pure CoTe,, La-CoTe; (1:10) and La-CoTe; (2:9)
as SIB anodes was evaluated in CR2032-type coin cells, in which a Na plate acted as the
counter and reference electrodes. Figure 4A-C display the discharge capacity of pure
CoTe,, La-CoTe; (1:10) and La-CoTe, (2:9) at different current densities. One can see that
the initial discharge capacities of CoTe,, La-CoTe; (1:10) and La-CoTe; (2:9) were much
higher than the subsequent cycle; this resulted from the formation of an SEI layer in
the electrode/electrolyte surface. After the first cycle, the undoped CoTe; can deliver a
maximum discharge capacity of 275 mAh g~! at a current of 0.05 A g~!. By contrast, the
discharge capacity of La-CoTe; (1:10) at the same current density can reach 345 mAh g~!,
indicating that the La element has a positive effect in enhancing the capacity. Furthermore,
as the ratio of La:Co increased to 2:9, the maximum capacity dropped to 252 mAh g1,
suggesting that the doping content is also crucial to the performance. Due to the sufficient
electrons in La*, introducing La3* into the CoTe; structure can boost the activity of the
surrounding CoTe; by enhancing the conductivity. On the other hand, La3" is inactive in
Na* ion storage, meaning that excessive La3" in the structure can reduce the content of
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active CoTey, leading to a low specific capacity. In addition, one can see that the specific
capacities at 5 A g~! of pure CoTe,, La-CoTe; (1:10) and La-CoTe; (2:9) were nearly the
same, also suggesting that the conductivity and rate capability of CoTe,; were enhanced by
La3* introduction. The performance stability of pure CoTe,, La-CoTe; (1:10) and La-CoTe;
(2:9) was also tested. Figure 4D shows the cycling performance of pure CoTe; at a current
of 2 A g~ 1. The capacity of pure CoTe, decayed from 98 mAh g~! to 66 mAh g~! before
800 cycles. Obviously, there was a big capacity drop after 800 cycles. After 1200 cycles,
a capacity of 47 mAh g~! remained. The same phenomenon was also observed in other
cells with a pure CoTe; anode (Figure S4). This was probably due to pulverization of the
electrode material induced by the huge volume expansion. By contrast, La-CoTe, (1:10)
could stably cycle 2000 times (Figure 4E) and delivered a capacity of 88 mAh g~!. The
ionic radius of La®* is 1.06 A, comparable to that of the Na* ion (1.07 A), meaning that the
unreactive large La3* in the CoTe, structure can counteract the volume expansion derived
from NajTe formation, resulting in enhanced stability. On the other hand, no sudden
capacity drop was observed in La-CoTe; (2:9), indicating that the whole structure was
stabilized by La®*. But after 2000 cycles, a capacity of 51 mAh g~! remained (Figure 4F),
which is in accordance with the capacity comparison of pure CoTe, and La-doped CoTe;
(Figure 4A—C) and suggests that moderate La®* is essential to the overall performance.
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Figure 4. Electrochemical performance analysis. (A—C) Rate performance of CoTe;, La-CoTe; (1:10)
and La-CoTe; (2:9). (D-F) Cycling performance of CoTep, La-CoTe; (1:10) and La-CoTe, (2:9) at
current density of 2 A g~ 1.

To investigate the effect of La®*, electrochemical impedance spectroscopy (EIS) at
different cycle depths was conducted on pure CoTe; and La-CoTe; (1:10) (Figure 5A,B). The
inset is the equivalent circuit, in which R and Ry stand for the charge-transfer resistance
and series resistance, respectively. The fitted results are summarized in Table S1. The
Rt value of pure CoTe; was calculated to be 890.1 (2, which is much higher than that of
La-CoTe; (1:10) (676.4 ), indicating that the conductivity was notably enhanced by La®*
introduction. As the cycle depth increased, the Rt value of pure CoTe; gradually increased
as well, which was probably because of the huge volume expansion and the formation
of pulverized materials. Meanwhile, the R.; value of CoTe; (1:10) decreased as the cycle
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depth increased. In addition, the morphology of pure CoTe; after 200 cycles is shown in
Figure 5A’s inset, which shows a large crack in the middle. By contrast, the polyhedron
morphology was preserved and no crack was observed in La-CoTe; (1:10) (the inset of
Figure 5B), suggesting that La>* stabilized the structure and prevented crack formation. To
investigate the reaction kinetics in La-CoTe; (1:10), cyclic voltammetry (CV) at different
scan rates ranging from 0.1 to 1 mV s~! was carried out (Figure 5C). There is a pair of
redox peaks corresponding to the plateaus in the charge/discharge profiles. The reaction
mechanism of the CoTe; electrode can be described as follows:

CoTe; + 4Na*t + 4e~ < Co + 2NayTe
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Figure 5. Kinetics evaluation of La-CoTe;. (A,B) Nyquist plots of CoTe; and La-CoTe; (1:10) at differ-
ent cycle depths; the insets are the equivalent circuit and SEM images of cycled CoTe, and La-CoTe,
(1:10). (C) CV curves of La-CoTe; (1:10) at different scan rates. (D) The logv vs. logi plot. (E) Surface-
controlled capacitance at 0.1 mV s~1.(F) Capacity contribution of surface-controlled process.

In the charge process, CoTe; firstly converts metallic Co and Te. Then, Te reacts with
the Na* ion to form Na,Te. In the discharge process, Na,Te converts back to Te to release
the Na* ion. And the metallic Co reacts with Te to form CoTe,. The redox peaks show no
obvious shifts as the scan rate increases, which indicates small surface polarization and
excellent redox reversibility. Based on these CV curves, the surface- and diffusion-controlled
capacity can be determined according to the following equations:

i=avl

log i =blog v + log a

where the b value stands for the slope of the “log i vs. log v” plot. The b values of the
anodic and cathodic peaks are 0.75 and 0.83 (Figure 5D), suggesting that the discharge
reaction was controlled by both surface and diffusion processes. As the scan rate increased,
the proportion of surface-controlled contribution increased as well (Figures 5E and S5-59).
The percentage reached 81.2% when the scan rate was 1 mV s~!, indicating excellent rate
performance (Figure 5F). All these results suggest that the effect of La®* doping is two-fold.
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First, the specific capacity is increased. La®* with sufficient electrons can boost the activity
of ambient CoTe; by increasing the conductivity, as proved by the charge/discharge profiles
and EIS analysis. Second, the structure stability of CoTe; is strengthened by La®*, since the
unreactive La®* has a large ionic radius, which can counteract the huge volume expansion
derived from NajTe formation and thus avoid pulverization.

4. Conclusions

To summarize, we propose a doping strategy by introducing the La element with a
large radius to counteract the size effect of Na,Te. On the other hand, La with abundant
electrons in CoTe; can also facilitate the charge transfer during charge/discharge. La-
doped CoTe; was successfully synthesized by sacrificing the ZIF-67 precursor. La-CoTe;
(2:9) shows excellent electrochemical performance as an SIB anode, showing a maximum
capacity of 345 mAh g~! at 0.05 A g~ ! and a decent rate performance. After 2000 cycles
at 2 A g71, a capacity of 88 mAh g~! remained, representing a notable improvement
compared with the undoped CoTe;. The introduction of moderate La®>* not only counteracts
the volume expansion due to its large ionic radius, but also enhances the conductivity by
providing sufficient electrons. All these results demonstrate the potential of rare earth
elements in preparing advanced SIB electrode materials.
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