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The effects of Zn doping for Mn site on the electrochemical properties of LiNiosMnisxZnxOs (X=0,
0.01, 0.03, 0.05, 0.08, 0.10) have been systematically investigated. The LiNiosMn15xZnxO4 samples,
which were synthesized by a modified low temperature solution combustion synthesis method, were
characterized by X-ray diffraction(XRD), infrared spectroscopy(FT-IR), scanning electron
microscopy(SEM), galvanostatic  charge-discharge  testing, cyclic voltammetry(CV) and
electrochemical impedance spectroscopy(EIS). All samples have perfect cubic spinel structures with a
combination of ordered and disordered space groups. The microstructure is almost not affected by the
amount of Zn doping obtained from the SEM results. The electrochemical performances are obviously
improved by Zn doping, which are shown from cycle stability, rate capability and high temperature
cycling performance. The cycle performance is promoted with the increasing of Zn doping content
both at 25 °C and at elevated temperature of 55 °C. The first charge-discharge efficiency and rate
capability first increase and then decrease with the increase of Zn doping content, which is best when
the Zn doping content is 0.05. Meanwhile, the impedance of products significantly decreases after Zn
doping.
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1. INTRODUCTION

Recently, lithium-ion batteries(LIBs) have been considered as the promising power sources for
electric vehicles (EVs) and hybrid electric vehicles (HEVS) [1, 2]. In fact, cathode materials play a
vital role in determination of electrochemical performance of the LIBs. At the same time, the cathode
material is an important component of the LIBs, accounts for about 40% of the cost of batteries. Many
different kinds of LIBs cathode materials have been explored in the past two decades. Among these
cathode materials, the LiNiosMn1s504(LNMO) spinel delivers high energy density, high operating
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voltage, high rate capability, etc.[3-5], making it a promising LIBs’ positive material in practical use.
However, numerous works report that the LNMO usually shows obvious capacity degradation at high
temperature(=55 °C)[6]. So researchers have made a lot of efforts to overcome this problem, such as by
modifying synthetic route, by controlling special morphologies, by surface coating, and so on.
According to related reports, the performance of LNMO cathode materials can be effectively improved
by doping cations or anions. The doping elements mainly including Na[6], Zn, Cu[7], Mg[8], Fe[9],
Al[8], Cr[9], Zr[10], V[11], WI[12], F[13] and S[14], etc., which can indeed enhance the
electrochemical performance of the LNMO materials.

Zn-doping can indeed increase the cyclic stability of the LNMO which first reported by
Manthiram et al.[15]. A series of LiZnxNios-xMn1504((x=0, 0.02, 0.04, 0.08, 0.25 and 0.5) spinel
materials were successfully synthesized using the sol-gel method by Yang et al. [16]. The results
showed that the LiZno.osNio.4<2Mn1504 delivered improved cycle-life and C-rate performance both at
home temperature and at elevated temperature, attributing to forming a thick interphase film between
the positive electrode and the electrolyte. Encouraged by these results, our group have successfully
synthesized the LiNiosMni.45Zno0sO4 with a novel solution combustion synthesis method[17]. The
result showed that it indeed could improve the cyclic stability and the rate capability significantly. Here
what needs to be emphasized is that the substitution of Zn is not on Ni site but on Mn site in our study.
For further systematically study the effects of Zn doping amount on the electrochemical properties of
LNMO, LiNiosMn1s5xZnxOs (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) spinel samples were prepared in the

paper.

2. EXPERIMENTAL

2.1 Synthesis

The modified low temperature solution combustion synthesis method were used to synthesize
the LiNiosMn15xZnxO4 (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) spinel samples. The lithium nitrate, lithium
acetate, nickel nitrate, nickel acetate, manganese nitrate, manganese acetate and zinc acetate were
working as raw materials and the molar ratio of nitrate and acetate for all metals was 1:1. The synthesis
process of materials was described in detail in our other studies[7, 17].

2.2 Characterization

The Powder X-ray diffraction (XRD, PANalytical X’pert pro, Cu-K4 radiation) and the Fourier
transformed infrared spectroscopy(FTIR, PerkinElmer, with KBr pellets) were employed to
characterize the phase structure and crystal structure of the samples. The field emission scanning
electron microscopy(SEM, FEI Quanta FEG 250) was used to observe the morphologies of products.

The electrochemical properties of each sample were measured using a CR2025-type coin cell,
which composed of cathode, lithium anode, Celgard polyethylene separator, and LiPFs in 1:1 ethylene
carbonate(EC) and dimethyl carbonate(DEC) as electrolyte. The detailed preparation flow of cathode
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electrodes and coin cells were described in our previous research[17]. The cells were galvanostatically
cycled on a muti-channel battery cycler(LANHE CT2001A instrument, Wuhan, China) in the voltage
window for 3.5 to 5.0V. The cells were also cycled at 55 °C by putting them in an oven. Cyclic
voltammogram(CV) of the cells was measured on a CHI 660 electrochemical workstation from 3.5-
5.0V at different scan rates from 0.1 to 0.5mV/s. Electrochemical impedance spectroscopy (EIS) is
collected at charging state of fully lithiation with an ac amplitude voltage of 5mV in the frequency
range of 100 kHz to 0.1 Hz, using the CHI 660 electrochemical workstation.

3. RESULTS AND DISCUSSION

3.1 Structure
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Figure 1. (a) XRD patterns and (b) lattice parameters of LiNiosMn1s5xZnxOs (x=0, 0.01, 0.03, 0.05,
0.08, 0.10)

The X-ray diffraction patterns of the spinel powders are shown in Fig. 1(a). All of the
diffraction peaks are assigned to the spinel compound LiNiosMn1.504 and no impurity peak is found in
the products. The lattice parameter obviously increases after Zn doping, which is shown in Fig. 1(b).
To our knowledge, the ionic radius of Zn is 0.074nm, which is larger than those of Mn3*(0.058nm) and
Mn** (0.053nm)[18], suggesting that the Zn element has successfully substituted some Mn element. In
the meantime, it is found that the crystal lattice parameter increases with the increase of Zn doping
content in a similar linear relationship.
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Figure 2. FT-IR spectra of LiNiosMn15-xZnxO4 (x=0, 0.01, 0.03, 0.05, 0.08, 0.10)

FT-IR spectroscopy has been proved to be an effective technique in identification of the P4332
and Fd-3m spinel of the LNMO[19]. As shown in Fig. 2, the obvious bands at 558cm™, which is the
characteristic peak reported by Wang[20], show the existence of ordered phase in the products.
Meanwhile, all samples show lower band intensity at 581cm™ than that at 621cm™, suggesting that the
products have disorder space group Fd-3m[21]. Therefore, the conclusion can be drawn that all the
samples contain two phases of ordered and disordered. In fact, Patoux et al. have also reported the
same phenomenon in their study[22]. According to Kim and Zheng[23, 24], the LNMO with some
disordered crystallographic structure usually has higher electronic conductivity, because of the
existence of some Mn®*,

3.2 Morphology
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Figure 3. SEM images of LiNiosMnisxZnxOa4:(a) x=0.00, (b) x=0.01, (c) x=0.03,(d) x=0.05, (e)
x=0.08 and (f) x=0.10

Fig. 3 shows the SEM images of the products. The micro morphologies of all samples are
similar. It is obvious that the microstructure of samples is not affected by Zn doping. In the meantime,
Fig. 3 illustrates that the products exhibit perfect octahedral spinel structure with homogeneous

particles.

3.3 Electrochemical performance
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Figure 4. Initial charge/discharge curves of LiNiosMn15xZnxOa4: (a) x=0.00, (b) x=0.01, (c) x=0.03, (d)
x=0.05, (e) x=0.08 and (f) x=0.10 between the 3.5 and 5V regions(vs. Li*/Li) at 0.2C rate at
25°C

Fig. 4 gives the initial consecutive charge and discharge profiles for the LiNio.sMn1.5-xZnxO4
(x=0, 0.01, 0.03, 0.05, 0.08, 0.10) samples. All charge and discharge curves exhibit two potential
plateaus at around 4.7V and 4.0V, which corresponding to the reduction/oxidation peaks of Ni%*/Ni**
and Mn®*/ Mn*" redox, respectively. This conclusion is in consistent with the FT-IR results above.
Their initial discharge specific capacities are 140, 141.4, 140.7, 140.9, 128 and 122.5mAh/g,
respectively. Obviously, the initial discharge capacity is higher than LiNiosMn1s5xCuxOa4(x=0, 0.03,
0.05, 0.10, 0.15) samples in our other research [7]. As shown in Fig. 4, the specific capacities decrease
gradually with the increasing of Zn doping amount, especially when the Zn doping amount is more
than 0.05. The initial coulombic efficiency of LiNiosMn1s-xZnxO4 (x=0, 0.01, 0.03, 0.05, 0.08, 0.10)
samples are 83.0%, 89.8%, 90.7%, 88.6%, 88.2% and 88.0%, respectively. The initial charge-discharge
efficiency first increases and then decreases with the increasing of Zn doping amount. The initial
coulombic efficiency reaches the maximum value of 90.7% when the doping amount of Zn is 0.03.
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Figure 5. Cycling performance of LiNiosMn1s5xZnxOs (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) in the
potential range of 3.5-5V(vs. Li*/Li)at 1C rate at 25°C

The cycling performance profiles of the products at 1C rate and 25°C are given in Fig. 5. It is
observed that Zn-doping can significantly improve the cycling performances of the LNMO spinel. The
cycling performances are gradually promoted with the increasing of Zn doping amount. The capacity
has almost no attenuation after 200 cycles when the Zn doping content is 0.10. The cycle stability of
the products of LiNiosMn1s5xZnxOs (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) are better, comparing with the
LiZnxNios-xMn1504 (x=0, 0.02, 0.04, 0.08, 0.25, 0.5) materials prepared by Yang et al.[16]. The results
reveal that doped zinc on Mn site in LNMO is more favorable for the reversible intercalation and

deintercalation of Li* than that of on Ni site.
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Figure 6. The discharge curves of the first and the 200" cycles at 1C and 25°C of LiNio.sMn15xZnxOa
(a) x=0.00, (b) x=0.01, (c) x=0.03, (d) x=0.05, (e) x=0.08 and (f) x=0.10

In Fig. 6, the discharge curves of the first and the 200" cycles at 1C and 25°C of the products (a)
Zn=0.00, (b) Zn=0.01, (c) Zn=0.03, (d) Zn=0.05, (e) Zn=0.08 and (f) Zn=0.10 are shown. From Fig. 6,
it can be seen that the stability of voltage platform increases with the increase of Zn doping content
under cyclic loading. There was almost no change in the voltage platform after 200 cycles when the Zn
doping amount is more than 0.03, indicating that the products have good cyclic stability.
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Figure 7. Rate capabilities and capacity retentions of LiNiosMn15-xZnxO4 (x=0, 0.01, 0.03, 0.05, 0.08,
0.10) at different rates ranged from 0.5 to 10C at 25°C

Fig. 7 depicts the rate capabilities and capacity retentions of the products at different rates. As
shown in Fig. 7, after Zn doping, the rate capability of all products gets a significant enhancement. And
the best rate capability is obtained when the Zn doping content is 0.03 and 0.05. Meanwhile, the
specific capacity of LiNiosMn1.45Zno.0sO4 is still high to 126mAh/g at high rate of 10C, which is higher
than the CosOas-coated LNMO materials prepared by Guo et al.[25].
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Figure 8. The discharge curves at different C-rates of LiNiosMn15xZnxO4 (x=0, 0.01, 0.03, 0.05, 0.08,
0.10) at 25°C in the potential range of 3.5-5V/(vs. Li*/Li)

The discharge voltage profiles of the LiNiosMn1s5xZnxOs (x=0, 0.01, 0.03, 0.05, 0.08, 0.10)
samples at C-rates of 0.5-10C and room temperature over a potential window of 3.5-5.0V are

demonstrated in Fig. 8. Obviously, the voltage platform is significantly promoted by Zn doping.
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Figure 9. The cycling performance of LiNiosMn1s5xZnxO4 (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) at 10 C
rate and 25°C in the potential range of 3.5-5V/(vs. Li*/Li)

The cycling performance of the products at a high rate of 10 C and 25°C is shown in Fig. 9. The
capacity retentions of LiNiosMnis5xZnxOs4 (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) samples are 76.1%,
94.5%, 96.3%, 94.1%, 95.6% and 95.1% after 200 cycles, respectively. Clearly, the cycling stability of
the products at a high rate of 10C is significantly improved after Zn doping.
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Figure 10. The cycling performances of LiNiosMn1s-xZnxO4 (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) at 1C
rate and 55 °C in the potential range of 3.5-5V/(vs. Li*/Li)

Fig. 10 presents the typical cyclic performance of products at 1C rate between 3.5 and 5V and
55 °C. The capacity retentions are 61.6%, 85.6%, 87.4%, 85.7%, 92.2% and 93.9% for
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LiNiosMn1sxZnxOs (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) samples after 200 cycles. Obviously, the cyclic
stability of samples at elevated temperature is greatly improved after Zn doping. The capacity retention
rate of LiNiosMn1.40Zno.1004 is still 93.9% after 200 cycles at 55°C, which is better than some Refs [26,
27]. It is likely may be that Zn-doping on Mn site can make the samples have more stable structure.
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Figure 11. The CV curves of LiNiosMnisxZnxO4 (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) at different
scanning rates ranged from 0.1 to 0.5mV/s at 25 °C in the potential range of 3.5-5V/(vs. Li*/Li)

Fig. 11 shows the cyclic voltammetry (CV) curves of the products recorded from 0.1mV/s to
0.5mV/s scan rates. Two pairs of redox peaks can be clearly observed in the CVs. The strong peak at
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around 4.7V responds to Ni**** redox couple no splitting two separate peaks, which is generally
accepted in P4332 ordered space group, while the minor peak at around 4.0V corresponds to Mn**3*
redox couple due to the oxygen deficiencies in the disordered spinel. The results indicate that the
products have a mixture structure of ordered and disordered, consistent with the FT-IR analysis.

In order to study the diffusion kinetics and the diffusion coefficients of Li*, the linear
relationship between the peak current (ip) and the square root of the scan rates (v*2) of LiNiosMnis.
xZnxO4 (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) samples is plotted in Fig. 12 with the formula as follows[28]:

i, =2.69x10°n*"2AC D}V

Here, n=1, A=2cm?, Cvi= 0.02378 mol/cm?.
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Figure 12. The ip vs. the square root of the scan rates (v¥?) of LiNiosMn1sxZnxOa4 (x=0, 0.01, 0.03,
0.05, 0.08, 0.10)

As shown in Fig. 12, the slope of the LiNiosMn15xZnxO4 (x=0, 0.01, 0.03, 0.05, 0.08, 0.10)
samples are -71.32,-72.68, -84.26, -118.21, -57.3 and -36.1, respectively. Meanwhile, the chemical
diffusion coefficient of Li*(Dwi) of the as-prepared samples are calculated as shown in Table 1.
Obviously, the slope first increases and then decreases with the increasing of Zn doping amount. The
slope reaches the maximum value when the Zn doping amount is 0.05, and at this time the Li ion
conductivity is 8.52E-11. Maybe it is because that the Li-ion diffusion path will be blocked by the
excess doped Zn ions and resulting in the decreasing of Dvi, which was also reported in our other study
of Cu doped LiNiosMni.5-xCuxO4 samples [7].
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Table 1. The Duj of prepared LiNiosMn15xZnxO4(x=0, 0.01, 0.03, 0.05, 0.08, 0.10)

LiNiosMn15xZNnx0s D|_i/(Cm2 . S'l)
x=0.00 3.10E-11
x=0.01 3.22E-11
x=0.03 4.33E-11
x=0.05 8.52E-11
x=0.08 2.00E-11
x=0.10 7.95E-12
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Figure 13. The electrochemical impedance spectral(EIS) and a possible equivalent circuit of
LiNiosMn1s5xZnxOs (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) in the frequency range from 0.1Hz to
100kHz.

To further understand the reasons for the excellent electrochemical properties of LNMO-Zn
samples, the electrochemical impedance spectroscopy (EIS) studies are carried out in the frequency
range from 0.1Hz to 100kHz. All the samples are cycled 3 cycles and then charged to 5.0V. The EIS
spectra are shown in Fig. 13(a). And the possible equivalent circuit for the samples is also proposed in
Fig. 13(b). All the EIS spectra have similar profiles which are consist of a semi-circle at high-to-
middle frequency region is assigned to the charge transfer resistance (Rct+ Rf) and an inclined line in
the low frequency region is resulted from the lithium ion diffusion resistance in the spinel(W). And the
Rs is attributing to the ohimic resistance of the electrolyte. As shown, the Rct and Rt values of Zn-
doping samples are much smaller than the LNMO spinel, implying that the Zn-doping samples have
much lower electrochemical polarization which can lead to higher rate capability, which is in good
consistent with the above C-rate capacity results.
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4. CONCLUSIONS

In summary, the Zn-doped LiNiosMnisxZnxOs4 (x=0, 0.01, 0.03, 0.05, 0.08, 0.10) are
synthesized via the modified low temperature solution combustion synthesis method. The obtained
powders have a combination structure of ordered and disordered space group and exhibit perfect cubic
spinel structures. The microstructure of samples will not affected by Zn doping. The cyclic stability of
Zn-doping samples at 55°C and room temperature have significantly enhanced at 1C rate comparing
with the LNMO spinel. The capacity has almost no attenuation after 200 cycles when the Zn doping
amount is 0.10 at room temperature. Even at 55°C, the capacity retention of LiNiosMn1.40Zn0.1004 is

high to 93.9% after 200 cycles. Meanwhile, the Zn-doping samples show better rate capability and
improved cyclic performance at high rate of 10C at room temperature. The LiNiosMn1.47Zn0.0304
sample can keep a capacity retention of 96.3% at 10C after 200 cycles.
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