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LiNig 5-xZrxMn1 504(x= 0.00, 0.03, 0.05, 0.10) were prepared by a combustion synthesis method. The
results of X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FT-IR) reveal that the
as-synthesized LiNig5xZrxMni.504(x=0.00, 0.03, 0.05, 0.10) samples predominantly exist as ordered
P4532 space group and the second phase ZrO; appears when the Zr content reaches 0.05. Scanning
electron microscopy (SEM) shows that the samples with different Zr content present porous
morphology and have less particle sizes than the bare sample of LiNigsMn1504. The electrochemical
performances Of LiNios5xZrxMn1504(x=0.00, 0.03, 0.05, 0.10) samples suggest that the cycle
performance and rate capability both at 25°C and 55°C are significantly improved after Zr modifying.
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1. INTRODUCTION

LiNiosMn;5s04 (LNMO) is considered to be a potential candidate for lithium-ion batteries
(LIBs) because of its high energy density, high voltage (4.7V), environment-friendly and low cost [1,
2]. However, LNMO still suffers from severe capacity fade and poor cycling stability, especially at
elevated temperature [3]. Several strategies such as morphology control [4, 5], surface coating [6, 7]
and element doping [8, 9] have been employed to solve above-mentioned problems. Among them, it is
the element doping that is usually used to improve the electrochemical performances of LNMO. Many
modified LNMO with different doping elements, including Na[10], Cu[11], Zn[12], Al[13], Co[14],
Cr[15], Si[16], Sm[17], Ru[18] and Nb[19] exhibited improved electrochemical performances.

Yoon et al.[20] revealed that Zr-doped LiNig.sMn; 504-5 can provide more reversible structural
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changes than the undoped LNMO, resulting in excellent cycling stability. We found that the ordered
Zr-doped LNMO (LiNiosMni.49Zr0.0104) exhibited significantly improved cycling stability and rate
capability, while disordered LNMO changes little after Zr doping in our previous study [21].
Therefore, Zr doping should be a powerful way to enhance the electrochemical performances of
LNMO. In order to explore the influence of Zr content on LNMO, LiNiosxZrkMn1504(x=0.00, 0.03,
0.05, 0.10) were synthesized and their electrochemical performances were studied in detail.

2. EXPERIMENTAL

2.1 Synthesis

LiNig 5-xZrxMn1 504(x= 0.00, 0.03, 0.05, 0.10) samples were synthesized by a combustion
synthesis method. The metal nitrates and acetates were used as raw materials with the ratio of 1:1. The
fabrication procedure was the same as that employed in our previous works [21, 22]. For convenience,
the as-synthesized LiNig.s5xZrxMnj 504(x=0.00, 0.03, 0.05, 0.10) were labeled with Zr-0.00, Zr-0.03,
Zr-0.05 and Zr-0.10, respectively.

2.2 Characterization

The phase structures and morphologies of Zr-0.00, Zr-0.03, Zr-0.05 and Zr-0.10 were
ascertained by XRD (X’pert pro, PANalytical), FT-IR (PerkinElmer, KBr pellets) and SEM (Quanta
FEG 250, FEI).

2.3 Electrochemical performance test

The electrochemical performances of the as-synthesized LiNigs5xZrxMni.s04(x=0.00, 0.03,
0.05, 0.10) samples were measured with CR2025 coin cells using a battery system (LAND CT2001A,
Wuhan, China) at different C rates (1C=150 mAh/g) between 3.5 V and 5.0 V at 25°C and 55°C. The
fabrication procedure of the CR2025 coin cells was the same as that employed in our previous works
[21, 22]. Cyclic voltammogram (CV, 3.5V to 5.0V) and electrochemical impedance spectroscopy (EIS,
0.1Hz-100 kHz) recorded on an electrochemical workstation (CHI 660).

3. RESULTS AND DISCUSSION

3.1 Phase composition

The XRD patterns of LiNigsxZrxMni 504(x= 0.00, 0.03, 0.05, 0.10) are shown in Fig.1 (a). All
peaks of LiNigsxZriMni.504(x= 0.00, 0.03, 0.05, 0.10) correspond to LNMO with well-define cubic
spinel structure, which suggestting that the Zr modifying does not obviously influence the structure of
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LNMO. In addition, the emergence of many weak peaks corresponds to the ZrO; (marked with triangle
V) when the Zr content is up to 0.05[20, 23]. Usually, LNMO possesses two distinct space groups of
the disordered Fd-3m and the ordered P4332 [15]. FT-IR spectroscopy is usually used to differentiate
material structure [24]. The FT-IR spectra of LiNios-xZrxMnj 504(x=0.00, 0.03, 0.05, 0.10) was shown
in Fig.1 (b), from which all the products display stronger band intensity at 621 cm™ (Mn-O band) than
that at 582 cm™ (Ni-O band), indicating that the as-synthesized LiNig s-xZrxMn; s04(x=0.00, 0.03, 0.05,
0.10) samples possess the more ordered P4332 space groups [8, 25].
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Figure 1. XRD patterns (a) and FT-IR spectra (b) of LiNio 5xZrxMni.504(x=0.00, 0.03, 0.05, 0.10)

3.2 Morphology
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Figure 2. SEM images of LiNio.5xZrxMni 504 (a-d) (x=0.00, 0.03, 0.05, 0.10)

Fig. 2 (a-d) displays the SEM images of LiNio.5-xZrxMn1.504 (x=0.00, 0.03, 0.05, 0.10). The
sample without Zr-modifying (Fig. 2(a)) has larger particle sizes than the Zr-modified LNMO samples
of Zr-0.03, Zr-0.05 and Zr-0.10 (Fig. 2(b)-Fig. 2(d)). Furthermore, the Zr-0.03, Zr-0.05 and Zr-0.10
present porous morphology and their particle sizes decrease as increasing the Zr content, which is

similar as the literature [23].

3.3 Electrochemical performance
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Figure 3. The initial charge-discharge curves of LiNig sxZrxMn; 504 (x=0.00, 0.03, 0.05, 0.10)

The initial charge-discharge curves of LiNig.5.xZrxMn;.504 (x=0.00, 0.03, 0.05, 0.10) are shown
in Fig. 3. The discharge curves of LiNigsxZrxMnj 504 (x=0.00, 0.03, 0.05, 0.10) present two voltage
plateaus around at 4.7V and 4.0V, which are assigned the Ni**/Ni** and Mn*"/Mn*' redox couples,
respectively [5]. The tiny plateau at 4.0V means small amount of Mn**/Mn*', implying that the
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samples possess high ordering degree, in agreement with the FT-IR results [22, 26]. Compared with
the initial coulombic efficiency of Zr-0.00 sample (80.5%), Zr-0.03, Zr-0.05 and Zr-0.10 samples
present much higher value of 88.8%, 88.6% and 88.7%, respectively.
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Figure 4. The cycling performance (a) and discharge curves (b-e) of the first and the last cycles of
LiNio sxZrxMni 504 (x=0.00, 0.03, 0.05, 0.10)
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The cyclic performance of LiNigs5xZrxMni504 (x=0.00, 0.03, 0.05, 0.10) at 1 C is shown in
Fig. 4(a). As is shown in Fig. 4(a), the Zr-0.00 delivers an initial discharge capacity of 143mAh/g at 1C
and retains 77.5% of its capacity after 200 cycles. However, the initial specific capacities of Zr-0.03,
Zr-0.05 and Zr-0.10 are 139.4, 133.6 and 131.6mAh/g at 1 C, respectively, and they retain 96.0%,
92.1% and 90.2% of their capacities after 300 cycles, respectively. Obviously, Zr-0.03, Zr-0.05 and Zr-
0.10 samples present much better cycling performance than that of bare LNMO sample of Zr-0.00. The
first and the last discharges of LiNig sxZrxMni 504 (x=0.00, 0.03, 0.05, 0.10) at 1C are shown in Fig.
4(b)-Fig. 4(e). The capacity degradation of Zr-0.00 is much faster than those of Zr-0.03, Zr-0.05 and
Zr-0.10. Compared with other previous studies, the cycle performance is also excellent [27-29]. The
comparison of the cycle performance at 25°C is displayed in Table 1.

Table 1. Comparison of the cycle performance at 25°C

The capacity

Samples . Conditions Literatures
retention/%

LiNio.47Zr0.03Mn1.504 96.0 1C, 300" cycle This work
LiNiosMn1.504 85.2 0.5C, 100t cycle [27]
LiNiosMn1.504 81.33 0.2C, 100 cycle [28]

LiNio.5Mno.485Si0.01502 78 1C, 100" cycle [29]
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Figure 5. The rate capability (a), capacity retentions (b), discharge curves (c-f) at different rate and
cycle performance (g) at 10C of LiNig sxZrxMni 504 (x=0.00, 0.03, 0.05, 0.10) at 25°C

The rate capability of LiNigsxZrxMni.504 (x=0.00, 0.03, 0.05, 0.10) is shown in Fig.5 (a) and
Fig.5 (b). Zr-0.03, Zr-0.05 and Zr-0.10 samples present more excellent rate capability than bare
LNMO sample of Zr-0.00, especially at 10C rate. Fig.5 (c)-Fig.5 (f) display LiNig.5-xZrxMn;.504
(x=0.00, 0.03, 0.05, 0.10) discharge curves at different rate, from which the rate capability of LNMO is
enhanced after Zr modifying. At 10C, the capacity retention of Zr-0.03, Zr-0.05 and Zr-0.10 is 92.7%,
94.5% and 95.2%, respectively, much higher than the 86.0% of Zr-0.00 after 100 cycles (as shown in
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Fig. 5(g)). Moreover, Zr-modified LNMO samples show much better rate capabilities and high-rate
cycle performance than documents [16, 29, 30]. The comparison of the discharge capacity at 10 C is
summarized in Table 2.

Table 2. Comparison of the discharge capacity at 10 C
Discharge specific

Samples capacity (mAh/g) Conditions Literatures
LiNio.4Zro1Mny.504 121.3 12(?&}193(2::? This work
LiNio.sMn1.45Si0.0504 100 10C [16]
LiNio.5sMno.4g5Si0.01502 75 10C [29]
LiNiosMn1504 0 10C [30]
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Figure 6. Cycle performance of LiNio.sxZrxMn1.504 (x=0.00, 0.03, 0.05, 0.10) at 55°C

The thermal stability of materials directly related to the battery safety at elevated temperatures
[24]. Fig. 6 shows the cycle performance of LiNipsxZrsMni 504 (x= 0.00, 0.03, 0.05, 0.10) at 1C rate
at 55°C. The specific capacities of Zr-0.00, Zr-0.03, Zr-0.05 and Zr-0.10 are 84.6, 117.6, 114.5, and
107.4mAh/g, respectively, and they retain 59.3%, 82.4%, 84.4%, and 84.6% of their capacities after
150 cycles at 55°C, respectively. Obviously, the cycle performance of LNMO was improved
significantly after Zr modifying at elevated temperature (55°C).
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To understand electrochemical behavior of Zr-0.03, Zr-0.05 and Zr-0.10, cyclic voltammetry
(CV) was performed at 0.05-0.25mv/s. The peaks around at 4.7V with broadened shapes and 4.0V with
low intensity correspond to the Ni**/Ni*" and Mn*"/Mn*' redox couples, respectively, as is shown in
Fig. 7(a)-Fig. 7(c). The results suggest that Zr-0.03, Zr-0.05 and Zr-0.10 contain few Mn** ions and
maintain high ordering degree, consistent with the results of FT-IR and the discharge-curve above. In
addition, CV aslo can be used to envalue the diffusion coefficient of Li* (D) [31]. Fig. 7(d) plots ip vs.
v2 of Zr-0.03, Zr-0.05 and Zr-0.10 at 0.05-0.25 mV/s, which calculated Dr; values are
1.68x10 'em?/s, 1.41x10 " "em?/s and 1.69x10 ''em?/s, respectively, resulting in the excellent rate

capabilities.
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Figure 8. EIS spectra of LiNio5xZrxMn1.504 (x= 0.03, 0.05, 0.10) in the frequency range from 0.1Hz
to 100 kHz after 3rd cycles

The EIS of LiNig5-xZrxMni 504 (x=0.03, 0.05, 0.10) after 3rd cycles and a possible equivalent
circuit are shown in Fig. 8, from which the charge transfer resistance (Rct) of Zr-modified Zr-0.03, Zr-
0.05 and Zr-0.10 has no obvious chang and is higher than those of prime LNMO prepared by other
methods, resulting in the excellent rate capability [32].

4. CONCLUSIONS

LiNig 5xZrxMn; 504 (x=0.00, 0.03, 0.05, 0.10) samples were successfully prepared by a
combustion synthesis method. All the samples were mainly composed of ordered P4332 space group
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and formed ZrO; impurity when the Zr content reaches 0.05. The Zr-modified LNMO samples present
porous morphology and had smaller particle sizes than bare LNMO. The rate capability and cycle
performance of the LNMO samples both at 25°C and 55°C are significantly improved after Zr-
modifing. Zr-modified samples of Zr-0.03, Zr-0.05 and Zr-0.10 retain 96.0%, 92.1% and 90.2% of
their capacities after 300 cycles at 25°C, respectively, whereas bare LNMO only retains 77.5%.
Meanwhile, the capacity retentions of Zr-0.03, Zr-0.05 and Zr-0.10 after 150 cycles at elevated
temperature (55°C) are 82.4%, 84.4% and 84.6%, respectively, which are higher than 59.3% of bare
LNMO. Furthermore, the capacity retention of Zr-modified samples of Zr-0.03, Zr-0.05 and Zr-0.10
are over 92% after 100 cycles at 10C.
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